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CHAPTER 1

INTRODUCTION

1.1 Background

Throughout history man has engaged in battle with his fellow man.
A review of history is a review of warfare. Man seems to have a general
propensity to consider warfare a major objective in his life. The early
settlers of this country encountered a formidable foe in the native
Americans. The covered wagon caravans were the early settlers' attempts
to minimize the Indian threat when traveling West. Further, the scouts
would seek high vantage points in the terrain where they could observe
and provide early warning of enemy forces and their movement.

Scientific and technological developments have provided present
day man with complex equipment and devices with which to do battle with
his enemies. Commonplace among this arsenal are missiles, high perform-
ance aircraft, helicopters, air defense systems, tanks, radars, sub-
marines, and a host of sophisticated hand-held weapons including lasers.
It should be noted that the radar replaces the observer on the lonely
hill top, while tanks and armoured vehicles replace the covered wagons.
The major difference in the two scenarios is the equipment of which air-
craft, missiles and air defense systems are of concern in this research
effort. It is with the concept of air defense that modeling becomes
paramount, since models permit reality to be depicted for a very modest

investment of time and money.
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1.2 Air Defense Modeling

The effectiveness of medium and high air defense systems impose a
high degree of risk to aircraft survivability when an aircraft is oper-
ating in the air space protected by these systems. This situation
leaves low level flight as the only option oper to the aircraft to avoid
these air defenses. Aircraft are a high value resource which must be
utilized wisely. Regardless of the results of the analysis, the mission
has to be undertaken. The battle, and in turn the war, can only be won
if one attacks. Thus, one must enhance the aircraft's probability of
survival.

One means to increase the aircraft's chances of survival is to
plan a route which minimizes its exposure to enemy aif defenses. A
terrain following route can be optimized in the vertical plane, but the
jnitial question is where to position the ground track in the horizontal
plane that the aircraft will follow. If one knew the route which mini-
mized the exposure, then there would be an easing of the vertical con-
straint imposed by the air defenses [1].

The objective of this research is to develop a heuristic method
for selecting a minimum-exposure, minimum-elevation route for terrain
following flight through defended terrain. Considering the expensive
aircraft in use today, the computer modeling of air operations on the
tactical battlefield is a useful tool for assessing tactics, performance,

and results.

1.3 Research Topic
If one knew the location of low exposure routes, then an assessment

could be made on the expected outcome of employing these routes. The

high exposure route is merely to allow the aircraft to fly within the
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radar coverage. This research was undertaken to find a method which
allows one to find the low exposure route from some initial point to
a destination point.

A minimum exposure route will logically use terrain features to

hide the aircraft from the air defense sensors. This assumption implies

s B I IR AL VN M ge o

that low elevation areas should have a lower exposure profile than high
elevation areas. It is intended to use the Tow elevation areas as the
basic units from which a minimum exposure route can be built. Thus, a
heuristic route selection model will be developed in this dissertation
that achieves a minimum-exposure, minimum-e]évation route for low level ;

flight.

RGP

1.4 Outline of Succeeding Chapters
Chapter Il is a review of the literature pertaining to routing,
aircraft and air defense. Three documents of particular interest to

this research are discussed first. The remainder of the chapter pertains

O N ATy . YT 3 g

to the literature in general. The tactical situation from which this

research derives is given in Chapter III. The scenario is typical of a

i T a1

medium intensity battle. The development of the model is presented in
Chapter IV. The discussion follows the solution sequence of the model.
Chapter V is an example of the model selecting an appropriate
route for the prescribed conditions. The calculations are based on the
material of Chapter IV. The model results are contained in Chapter VI.
The results for two small terrain areas are presented first, followed
by the results for a much larger terrain area.
Chapter VII is the va]fdation of the developed model. Some of the
model results are compared to manually developed, preferred routes. b

Finally, Chapter VIII presents the conclusions of this research and re-

commendations for further research.
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CHAPTER 11

LITERATURE REVIEW

2.1 Introduction
An intensive review of the literature identifies three research
results which are pertinent to this effort. A recent dissertation by : i
James E. Funk [2] provides a method for determining the optimal vertical
flight path for a given route. The second effbrt was reported in The
University of Alabama in Huntsville Research Institute (UARI) Report,
Optimal Attack Route Selection Method {3). The third research of interest
is a Helicopter Route Selection Model developed by Ohio State University
for the large land combat model DYNTACS [4]. In addition, the literature
pertaining to network modeling, computer software algorithms, geology and
geography, highway routing, and electronic circuit routing were investigated
to determine their applicability in aircraft routing.
Modern air defense systems have the capability to deny medium or high
altitude aircraft attack routes to a target. To overcome this restriction,
low level flight has now become a preferred method for penetrating air
defenses. Low level or terrain following flight paths, however, presents
the problem of impact with the terrain., In the literature this problem is .
also referred to as clobber.
The ideal flight path for terrain following would be a flight curve

that matches the terrain curvature by some clearance height above the

Tocal terrain. The aircraft control system limits the vehicle to flying

a smooth flight path which approximates this clearance curve. Figure 2.1

4 |
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is an illustration of a typical terrain profile with the clearance

curve and flight path for low level flight. The slower the aircraft

flies the closer the flight path can approximate the clearance curve.

— - — Flight Path

- --- = Clearance Curve

Terrain

Figure 2.1. Low Level Flight Profile.

The review of unclassified documents concerning low level flight
has centered on the problem of optimal aircraft control systems. Ad-
vances in microprocessors and digital electronics seem to be the con-
trolling factor in increasing the capability of on-board flight com-
puters and navigation systems [2, 5, 6]. With increased on-board com-
puter capacity, real time optimization of flight profiles become possible,
thereby achieving an optimal low level flight path along the selected
route.

In the literature that was reviewed, a major consideration in any
air defense study is terrain modeling. Terrain modeling is also utilized
in such studies as highway routing and construction, pipeline routing,
and land use. Most recent research in this area is directed at using
computer graphics to depict the terrain in contour map form and in
picture form. Existing terrain models are presently adequate for air

defense modeling [7, 8, 9, 10, 11]. The terrain models, however, do not

provide for aircraft route selection analysis.
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2.2 Reported Research

The dissertation by J. E. Funk presents a mathematical programming
method for solving the aircraft control problem in terrain following
flight [2]. The first step in his approach was to construct a trajectory
model which is incorporated into the objective function or, as he has de-
fined it, the performance function. The performance function is defined
in terms of an excess clearance variable. The function is optimized

subject to differential constraints of height, slope and curvature of

the flight path.
To provide computational ease the problem is discretized. The per- ]
formance function and constraints are transformed to a matrix form which
can now be considered as a quadratic or linear programming (LP) problem.
This quadratic or LP problem is solved using existing algorithms. To
develop a complete flight path this procedure considers overlapping

segments. Segment i of the flight path is optimized and then the next

L BTy TIY, DY  t wr oy

overlapping segment, i+l, is optimized with the initial portion of seg-
ment i+1 defined by segment i. Since the discrete segments overlap,

the resulting flight path is continuous and there are no discontinuities

R et

at the boundaries.

In Funk's research, only the vertical terrain avoidance is examined,
and not the lateral terrain avoidance. His results give a solution to
the aircraft control system to yield the optimal flight path over a
given terrain route.

In the UARI report, a dynamic programming approach for determining
optimal attack routes is presented [3]. Although this work was performed
several years ago, it is still current with techniques recently reported.

The backwards solution method was employed to evaluate the recursive

function.




The route selection process that was developed is a direct appli-
cation of dynamic programming. To represent the multi-stage decision
process, a grid network was used where each grid point is equivalent
to a stage in the decision process. Thus, the optimal decision path
is the optimal attack route.

The probability of survival, (Ps), is the return at each stage.

The optimal path has the highest probability of survival or is the

' least risk route. The probability of survival at a grid point is

given by:
Ps = (] - Pk)o

The probability of ki1l (P, ) for an air defense site is the resultant

L e e

of the probabilities of acquisition, tracking, missile launch, missile
1# flight, and warhead lethality.

Two recommendations for further research in this report were of
interest. This technique had only been applied to small scale problems,
and further research on large scale problems with multi-attackers and

multi-radar sensors were suggestions for consideration. Also, it was

recommended that network techniques such as shortest path or least cost
path be considered.

The Helicopter Route Selection Model that has been developed is
§,j another method using dynamic programming [4]. This model is an adaptation
. of the ground unit route selection model that is a subroutine of
DYNTACS X. The first step is to determine the intervisibility areas
for each weapon. These areas define the masked and unmasked portions
of the battlefield. From the set of masked areas a series of concealed
areas in close proximity to one another can be connected to form an
avenue of approach. Having identified this avenue the route can be

selected that follows the general shape of the approach corridor.




Up to this point all analyses of intervisibility and terrain have
been performed outside of the actual model. With the process completed
the route corridor is defined in the model. The intervisibility areas
are defined by a set of irregular convex shapes having straight line
boundaries between each vertex. Along each boundary one or more points
define the possible beginning (or end) of a route ;egmgntugcross the
convex shapes (Figure 2.2). These points are shown as circles on
Figure 2.2 and are also entered into the model as data.

With the terrain area thus described for the model, the route
selection routine can be utilized. A series of nine points that are in
the direction of attack are selected for route analysis. The selection
routine evaluates these boundary points identified by the probability
of survival at each point. The point with the highest probability of
survival is selected and then the next series of nine points along the
route corridor are considered. This process is the forward solution

method for dynamic programming problems.

2.3 Open Literature

One of the first areas in the open literature to be investigated

was cluster analysis. An excellent presentation of cluster analysis
can be found in Anderberg's text [12]. When data has no discernible
pattern, cluster analysis can provide a tool to uncover the pattern.
Hierarchical clustering is widely utilized to develop the linking of
data as each entity is processed. In this research, the idea of

nearest neighbor and centroid of a cluster that is used with non-

hierarchical clustering, are utilized as a basis for processing the

terrain data.
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For a data set of N observations, clustering into subsets of like
values indicates an association or similarity for the cluster membership
which is not shared by those outside that cluster. Typically, the members

of a cluster will minimize some criterion such as minimal distance from the

mean of the cluster. The mean of a cluster can be utilized as the centroid.

For the total data set of k clusters, membership in cluster i can have a
point to centroid distance different from cluster j, which would indicate
an individual cluster density. Thus, a higher order clustering can be
performed on the initial clusters because their centroids are now the
data points. The centroids of the first order cluster can be weighted
according to density and be the point used as the value for the higher
order clustering.

Clustering methods are means by which data can be grouped, associated,
or placed in some classification scheme for analysis. There is no one
preferred method to be used, as several methods normally need to be
used to determine if there is any pattern or intelligence to be derived
from the data.

The aircraft routing problem can be formulated as a network or a
graph problem. In the literature, the theoretical aspects of a network
are referred to as graph theory, whereas the practical aspects are known
as network analysis. A highway network connecting cities would be verti-
ces for the cities and edges for the highways when related to graph
theory. Networking would refer to the cities as nodes and the highways
as arcs. Depending on the reference, the terminology for the cities could

also be called junction points, intersection points, or simply points;

and likewise, an arc could also be a branch, link, path or line.
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For a network or graph G there is a collection of points X]s Xgseees
Xn (denoted by the set X), and a collection of lines aj, a2,...,3, (denoted
by the set A) which join some or all of these points. The graph is de-
scribed and denoted by the doublet G(X,A) [13]. An edge joining Xj With x;
is denoted by [xj, xj].

In network analysis and cluster analysis there are three distance

L R L I My KA W L

measures that are of interest. First, the standard Euclidean distance

or metric for two points in space is given by:
1 d = [(Xg-x])z + (YZ'Y])Z + (22-21)2]

Second, in many location problems, especially in urban areas, travel

5

is along an orthogonal set of streets. Travel which is restricted to

directions parallel to the coordinate axes use a rectilinear or Manhattan

metric that defines distance between two points (x1, y;) and (xp, y,) by:
[xi-x2 | *+ [¥1-¥2]-

The rectilinear metric could have been used in the UARI Optimal Attack

Py ey e T S A ST

Route Method since travel was restricted to grid lines. Third, when i
travel is restricted to take place on a network, then the internode

lengths are the distance measure [14]. o

The above concepts were utilized in developing the approach to the

route selection process for low flying aircraft. The ideas of nearest-

neighbor and cluster centroid form the bases for the terrain data

reduction.
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CHAPTER ITII
PROBLEM FORMULATION

3.1 Tactical Scenario

This research considers an area of air defense war gaming. There
are two basic situations that a tactician can analyze. In one case,
the tactical situation is portrayed from the defender or air defense
site aspect. For the other case, the tactical situation is presented
from the attacker or pilot's viewpoint. The specific problem this
research addresses is that of selecting a route which a low flying air-
craft can use to penetrate the air defense coverage, while at the same
time minimizing the aircraft exposure to these defenses. Low flying
aircraft ordinarily fly within 200 meters of the terrain.

The defender desires to allocate his air defenses in a pattern to
5chieve maximum coverage. The sensors (radar, infrared, or visual) are
positioned in the terrain to be defended such that visibility is maxi-
mum in the principle direction the site is responsible for protecting.
In actual terrain there can be certain azimuths for which coverage is
marginal or non-existent. To ensure that the total area is covered,
the air defense sites are situated so that individual site visibilities
overlap each other thereby providing a pattern with total coverage.
Thus, any portion of the total areé is being covered by one or more air
defense sites. The attacker is faced with the situation of attempting

to select a route which avoids these sites and maximizes his survival

while reaching the target, and accomplishing the mission.
12
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Along with terrain following, there are some other options the
tactician can choose to enhance the aircraft and pilot's survivability.
The attacker can use electronic countermeasures (ECM), better known as
jamming. An anti-radiation missile (ARM) could be fired at each radar.
Decoys or remotely piloted vehicles (RPV's) could be utilized to sat-
urate the skies so that an aircraft can be hidden among the RPV's.

To reach the primary target, a preemptive raid could be made against
the air defenses. Of course, the defender is fully aware of these and
other methods that can be employed to negate the air defense's ability

to engage the attackers.

3.2 Aircraft Route Selection

In this research, the air defense situation is a heavily defended
35 by 35 km area through which a helicopter force must penetrate. The
air defense sensors are assumed to be deployed within this region such
that maximum coverage exists.

Using military terminology, the line of battle between two forces
is known as the forward edge of the battle area (FEBA). The helicopter
force is flying a terrain following flight path from their base across
FEBA to raid an.enemy rear area base. The enemy air defense sensor
capability is assumed to have good low altitude coverage for a 10 km
radius and good long range coverage for medium and high altitude.

In performing this raid, the objective is to traverse the whole

route 'indetected, thus preserving the element of surprise in the attack,

The air defense sensors are not being attacked or jammed in this raid.
In an attempt to obscure the helicopters' approach to the target, the

mountains and hills would be utilized as a mask. Intuitively, the best

low level aircraft route would follow the lowest terrain. To offset this
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tactic, the enemy will position some air defense sites to cover low
altitude corridors into his area.

The interaction of these tactics results in the helicopter route
selection being that of finding the low level route which has the fewest
air defense sites covering it. Thus, a route is a linkage of several low
level path legs into a continuous path that will allow the aircraft to

avoid detection.

3.3 Sensor Coverage

With Tow altitude targets, radar sensors have clutter problems
when receiving the return signal. There can be a high level of noise
because of ground objects and terrain features which tend to obscure
any targets that may be nearby. Any aircraft operating in an area with
opposing air defenses will attempt to fly as low as possible so as to be
in the clutter of the radar return signal. However, the faster the air-
craft speed the higher it must fly to be responsive to the pilot's ter-
rain avoidance commands. Thus, the aircraft pilot has two conflicting
constraints; first, the aircraft must fly no higher than X meters to
avoid detection, yet, second, it must fly at least Y meters above the
terrain to maintain a clearance altitude. A major problem exists for
the pilot when Y is greater than X.

The degree of coverage a radar site possesses from a given location
is dependent on the target altitude and the local terrain. An aircraft at
50 meters altitude is more likely to be detected than an aircraft at 20
meters altitude. To graphically illustrate sensor visibility, a series
of actual coverage diagrams for three sites were made at target altitudes

of 20 and 50 meters. Penetrating aircraft are assumed to be approaching

the sites from the west (left edge of figures). Coverage diagrams are

¢
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generated using a computer routine that generates the visibility from a
site to the target altitude for 0 to 360 degrees in azimuth,

The first site, Figure 3.1, has excellent coverage to the west at
each altitude. For increasing target altitudes onfy a small improvement
in visibility is obtained. Visibility for a 10 km radius at 20 meters

target altitude is 28.02 percent of the total area. At 50 meters,

visibility is 31.85 percent,

In Figures 3.2 and 3.3, the site has good coverage at each altitude.

At 20 meters target altitude, visibility is 29.85 percent and improves to

43.10 percent at 50 meters. The prominent direction of coverage is west,

PO T

but this site also has some coverage to the east.

Lastly, in Figure 3.4, a poor site location is shown. Visibility at
this site varies from 5.31 percent at 20 meters to 8.63 percent at 50
meters. Coverage provided by this site is southerly.

These three site locations are deployed in the same area and the

composite coverage is shown in Figure 3.5, In the overall coverage, the

r poorly situated site provides sensor detection to the south which the other
sites lack. Thus, the poor location is better than expected because it
furnishes satisfactory coverage when considering the combinedlcoverage.

As can be seen in these series of figures, the coverage of an area

by air defense sensors limits the ability of an aircraft to penetrate the

area undetected. The deployment of several air defense sites imposes a
visibility constraint on the selection of routes through the area. It

may be impossible to find an undetectable corridor.

3.4 Terrain Data

The terrain data base used in this research is Defense Mapping .

Agency (DMA) terrain data which provides the height above sea level for
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—

Visible D Hot Visible X Site Locaticn

Pigure 3.5 Composite of Sites 1, 2, and 3, Target Altitude 20 Meters

each terrain location. A granularity of 70.0 meters was selected in
utilizing the data base. A problem with this fine a grid is the quantity
of data points for even a moderate size area. For a 20 by 20 km area,
this density results in 90,000 entries.

The first requirement in utilizing this data is to convert from a
packed format into an array format of unpacked terrain points. The
geographical area selected requires a 525 by 525 array (35 by 35 km).
Since this array is too large for efficient computer processing, the
area was partitioned into smaller arrays of 15 by 15. This arrangement
results in a strip of 35 arrays to cover the north-south direction and
35 strips in the east-west direction (Figure 3.6). A map sheet is 15
data points from west to east, and 35 arrays of 15 data points from

south to north.
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Once the terrain data is available from the conversion processing,
some assumptions need to be made relating the data to the route selec-
tion problem. The premise that the aircraft route will follow the
valleys and low areas requires that the low elevation terrain be identi-
fied from the terrain data. Thus, it is assumed that by a grouping or
clustering process, these low elevation areas can be found. Also, the
partitioning of the area allows for identification of local minimum
altitudes rather than a single global value.

An example of terrain data arrays is shown in Table 3.1. As can be
seen in this table, the variation in the point to point values can be
stratified. Once the data is grouped into elevation intervals (or
bands), the terrain relief is shown as plateaus with the lowest plateau
being the lowest elevation area. The lowest stratum is a cluster of
lowest terrain points from which the cluster center can then be used as
a node point in the routing network.

With the terrain data analyzed and the node points established, the
route can now be developed. The terrain route for the helicopter has
only two known points at the onset - the initial point and the terminal

point. A1l intermediate route points need to be selected from the nodes.




e ——

St s S

o Vv

21

2y fim S EERE 7 e e S st DA A noin

s oL L s SRS i

R

66¢ 96¢ (781 198 0ag Lvg St L 1421 18 1Y (333 LAY 1149 13 9Ec
868 [ 1 1) (119 ¥9g LSS 84¢ LS Se§ L1 [ €14 4 3% Tt Teg (119 e,
86¢ 1] 19 18% LLe 9% LSS 6%¢ IR 1 1129 Set L L 2% 14 2% L X1 129 Sei
96¢ 96¢ 96¢ 98¢ 8¢ 69¢ 65¢ 69¢ A2 Lyg P12 Se¢ 98¢ L2 ge:
668 66§ [X 1% g6¢ 11y 298¢ e c9¢ 69¢ (329 60E 608 12 1113 L 11
668 66% 668 L68 66¢ 368 Lot Lis [ Y3y 69¢ A9¢ ¥9e 98 ¥9¢ £9¢
66¢ 66% 65¢ 66¢ 66¢ (6¢ ga» 68¢ g6y 313 26k 268 [T 1Y LTRY e
66¢ 66¢ 66¢ 66¢ 66¢ 66¢ 66% 663 66¢ 65¢ 66¢ L6s 65¢ 06¢ 08¢
668 66¢ 663 668 66¢ 66% 66¢ 66¢ 66% 668 66¢ 66¢ g6¢ a0 98,
66§ 66% [1:39 66% 6ot 66t 66% 66¢ 65¢% 66t 66¢ b6t 66¢ 68% £9:
66¢ 66¢% 66¢ 66% 66¢ 66¢ 66t 66¢ 66¢ g6t 96¢ 96¢ L3c [ E1Y SLY
66% 68¢% 66¢ 66¢ 66¢ 66% 665 668 8s% 98¢ LLs SR §Le 69¢% 99
66¢ 66¢ 66¢ 66¢ 56¢ 66¢ 00 96¢ LLs 0L€ 6G¢ 65¢ 65¢ L6t 98¢
66¢ 66¢ 66¢ 66¢€ 66¢ 00 56¢ 98¢ v9¢ 13 668 6e¢ 05¢ 0S¢ oSy
668 66t 66% b6t 00% "68 L3¢ LLs £5¢ (1.3 [ 3% 648 6§ 648 6%
668 66% 66¢ 00+ $6¢ 98¢ 6LS ae¢ 06§ 69§ (1 2% (32°¢ 6§ 6¢§ 6%t
65¢ 668 6685 00% 26t $9¢ [ Y3 Usi X 2% (129 (329 1 2% 668 50¢ X 29
66¢ 66¢ 66¢ Q0e 06% 08¢ oLc ost (124 (123 (L2 X 2% (129 60¢ 6vt
66¢€ 66¢ 66¢ 36¢ i8¢ 9Lt [ 331 05¢ 6¢¢ X2 6vt 66¢C 6%C 66t 6§
6ut 668 oow 268 L1 Y SiLS ¥6¢ 0s¢ (X 2% 69¢ 64% X 2 ‘129 [ X214 (124
668 oov 96¢ 68t T8¢ 2Ls 1339 oSt &% &t -3 29 129 byt -1 2% [ 129
00w L6% 16¢ 588 LLE 19¢ [ 11 [ 114 X2 324 ang aeg avi (124 6%z
00w v6s 68¢ 18¢ LY LE-1Y ts¢ 649¢ 69 6%¢ 6nt X213 ‘%49 X2 X 29
oo 1139 Las 648 2L L2139 0s¢ XY 69¢ 6%¢ 6% [X3Y (X1 6vi 6oy
00w G6¢ 88¢ geg 1Le 16¢ 6%¢ 608 (-3 2% (‘1 2% 6ot 60§ 6e¢ 645 (129
L6% [:3:2 16 £8¢ $9¢ 1:1-14 0SS (L3 (X 14 22+ [ 139 [X 39 as€ 0sC (X2
66¢ 00¢ g6t 98¢ 69¢ 09¢ 1 41 oot (17 6l 053¢ 068 69¢ 6¢ 12
66¢ g6t 00 f6f £L€ v9g 12 beg 0s¢ 06§ 6¢§ 6eg [(12% (114 (121
66¢ 66¢ 66¢S 8¢ 9.8 L9t 65% ang 69y 698 (X2 avi [ 12 [11Y [X2Y
668 66¢ L6g ves 9.8 #9¢ 6G6¢ 6e¢ 6%§ 6ot 6n¢ (1 H 12 (129 6%
thL< UOL3RAd|] |°E 9lqel
L
L]
A i " sttt bttt RO —— s, ak,




CHAPTER IV
MODEL DEVELOPMENT

4.1 Introduction

The route selection development begins with the basic terrain
elevation data and ends with the minimum-exposure, and minimum
elevation route. The model consists of several logical divisions
that progressively solves this problem.

Initially, the model groups the terrain data into elevation bands
from which cluster centroids (or centers) are developed. These centers
become the node points for a routing network. Around a route node a
neighborhood of node points is selected as possible links to this node.
In this neighborhood each point has an exposure value which is a
function of its visibility to enemy sensors, its altitude, and its
distance from the node point. The exposure value is a penalty for the

use of this point. Each linkage is a path or leg of the route, and

all the linked nodes form a route connecting the minimum-exposure, and
minimum-elevation points. The resulting path between the initial and

final nodes provides a route for a penetrafing low flying aircraft. .

4.2 Clustering of Terrain Data
To group the terrain data into elevation bands the integer

arithmetic feature of Fortran software is exploited. When arithmetic

operations are performed on integer numbers, only the integer portion is 5
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retained and the decimal portion is discarded. The following
relation is utilized:

NE = (((E - 1)/INT) INT) + INT

where NE = the new elevation value,
E = the old elevation value,
- INT = the band interval.

e TR W TR IR ) F IR A S LT e R AR 2

This calculation results in all elevation values within an INT

Yy

interval of each other being assigned the maximum value of that inter-
val. The process is identical to class intervals utilized in construct- :
ing a frequency table in statistical analysis. Instead of using the

midpoint of the interval, the maximum in the class interval is used.

Rt PPN s, n

Once all the terrain data is stratified, then clusters of both high
and low elevation points can be found. Each array of 15 by 15 covers
an area of 1050 by 1050 meters. Within this area at least one low eleva-

tion cluster is identified along with a high elevation cluster. There

R A ST RS T WA T

are some cases where the whole array represents level terrain and the
array consists of the same elevation values. When this situation occurs,

it is necessary to check adjacent arrays to determine if this terrain

T AT 10 YA W DY T

is a low elevation cluster.

Since more than one low elevation cluster can occur in an array
a method was developed to determine if two points were adjacent to
each other. For a square grid a single point I has eight points
around it as shown in Figure 4.1. The points labeled A through Q
(less 1) form a ring around the numbered points and cannot be adjacent

to the point I.
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Figure 4.1 Points Adjacent to I

The array is processed sequentially by searching across each row;
therefore, cluster membership is identified in order of occurrence from
the beginning of the array. For example, assume that a cluster
consists of the following points - I, 5, J, 7, 8 and P. These six
points are a cluster located in the 15 by 15 array. The clustering
procedure identifies all points of the same elevation by entering their
position into a list. The indexes of a point are combined by letting
INDEX = 100 (IROW) + JCOL, where IROW is the row index and JCOL is the
column index. This coded number is the location of the point within

the array.
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In this example, let the point I be in row 7, column 8. The
stored INDEX value for I is 708. The other cluster membership values

are given in Table 4.1.

Table 4.1 Cluster Membership

o
N S IR WO ), PN TR a2 57

Member INDEX Value I-Difference
x I 708 0
- 5 709 1 i
J 710 2 ,
7 808 100 *
8 809 101 é
p 909 201

When searching this list for cluster membership the value of INDEX
provides a means to separate clusters. Since the membership is
sequential, only those points occurring after I need to be examined

; (points 5, 6, 7 and 8). By subtracting INDEX values the difference

indicates adjacency.

TR TR T S X D TR T e

For a point to be adjacent to I the difference must be either 1,
99, 100 or 1015 any other value indicates that the point is separated
by one or more rows (or columns). Points 5, 7, and 8 are identified
as belonging to the same cluster as point I before considering the
B next point in the list. When point 5 is evaluated, point J is placed
in the I cluster. The evaluation of point J does not add any new points

to the cluster since all points adjacent to J are already in the cluster.
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Point 7 evaluation adds the last point P to the cluster. This subtraction
method is a quick process for identifying adjacency.

After determining which points are in the cluster, a center or
centroid of the cluster can be calculated. Since the data points are
planar, then each cluster has a centroid that is defined by the mean

values for X and Y within the cluster:

n X n
(%,9) = i Al
i=1 " . g "

The centroids are now used as node points in the route selection
process. The centroids are separated into two groups. If the centroid
is for a Tow elevation cluster, it is placed in a low elevation array.
Likewise, centroids for a high elevation cluster are placed in a high
elevation array. The centroids in the high elevation array are
identified by a minus sign. Figure 4.2 gives the location of the low
and high elevation centroids that were found in the 10 by 10 km area
utilized in the model develoﬁment.

4.3 Sensor-Node Line of Sight

A major consideration in selecting a tactical aircraft route is to
ensure that the route avoids enemy air defenses as much as possible.

To determine the degree of visibility along a route,each centroid has

to have its line of sight (LOS) to each sensor determined. The result

of this determination is an exposure value associated with each node point.
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To calculate the exposure value of a node point, the range between
the node-sensor combination, together with the number of sensors, is
required. The further a sensor is located from the node, the less of ‘
a threat it is since the probability of kill (Pk) is partially a func- 3
tion of range. However, the number of air defense sites having

visibility to a point will increase the Pk' Since the sensors will ﬁ

tend to be deployed behind and along the general flow of the main ]

battleline, an average range to sensors was selected as an exposure

value. The exposure value is given Dy: 2
o
- NS 1 E
L g ]
= . - = Sj
EP = NS Rnax S=1

NS t"
Rmax i
L . 1

where EP = the exposure value for node j with all

sensors that have LOS with this node,

NS = the number of sensors that have L0S with
node j,
= the maximum node-sensor separation that
max exists for all node-sensor combinations,
st = the distance between the sensor and node j.

The value EP is calculated for all node-sensor combinations for both
high and low elevation. As the route is being developed, the exposure
values for the nodes are used as part of a penalty function. This
discussion of the route selection is deferred to the next section. f

For large areas of terrain, the data base has to be analyzed in

segments or subareas that remain within computer core capacity. To satisfy
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this restriction requires a bookkeeping method of array pointers to record
the progress of the LOS calculations and which node-sensor pairs have been
completed.

Referring back to Figure 3.6, the partition of the terrain data base is
shown. Figure 4.3 presents the basic planar relationship between two nodes
and a sensor. The + indicates the boundaries between each array of 15 by 15
terrain data points. Within this base the terrain elevation points represent
X - Y coordinates ¢f a square grid system. The vector between the node and
sensor will intersect these grid lines and the array boundary lines. Along

the X-axis the array boundary lines are also the map sheet boundary lines.

Each intersection point of the vector and grid line is within 35 meters of
a known elevation point. This known point is checked for masking of the
node from the sensor. If masking occurs, the processing of this vector
(or radial line as it is called in the air defense liter;ture) is complete

and the next node-sensor combination is processed [15]. If LOS exists at this

intersection point, then the routine steps out of the vector to the next

intersection. When the sensor location is reached and no masking terrain

point has been encountered, then LOS exists between the node point and the

PRI -

sensor. The number of sensors which can see this node is then incremented
by one.

To know which terrain point is along the LOS vector, the array indices
are calculated from the vector-grid line intersection. The map sheets are
read from west to east; therefore, all node-sensor vectors are oriented
from west to east to allow one pass through all the data. In the model,

the map sheet boundaries are named after the compass directions -
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EAST, WEST, NORTH and SOUTH. As each map sheet is read,the previous
EAST becomes the current WEST.

(36, 119, 350) define the end points of the vector N1 S1 with an azimuth i
angle a;. The other node-sensor vector is N, S1 with an azimuth angle a,.
The location of terrain points along these vectors becomes a trigonometic
problem. The parameters defined below provide the indices needed to

extract the terrain points from the data base.
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In Figure 4.3 the node point N1 (3, 9, 300) and sensor location S1 L

WPIEYSE

YL

a= [Lgu? + trn?]®

cos a = (y,-yq)/d
sin o = (x2-x])/d

1 . X] < WEST
Comp x =
(X] - West)+1, Xy > WEST

cos ao ((NEST-X])/sin a), x1<NEST
Left Comp y =

0 s x]>NEST

where: d = the magnitude of the vector,
cos o = the cosine of the azimuth angle,
sin a = the sine of the azimuth angle,

Comp x = the x-axis component of the vector within the map sheet,

Left Comp y = the y-axis component of the vector for the West
boundary.
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From these parameters the row and column indexes can now be determined.

For a vector,the indices are given below.

X+Ax , |sinal>sin 45°
COLUMN = { (ay/cosa) sin a + x , lIsinal<sin 45°,x>WEST
(x-axis) (ay/cosa) sin a + x - WEST+1, [sinol<sin 45°,x<WEST
ROW = yray , lIsinal<sin 45°
(y-axis) (ax/sina)cosaty . Isinal>sin 45°

The final value of the row index has to be transformed to indicate
which array on the map sheet is the correct one. Thus, the final row
index is given by integer arithmetic.

ARRAY

n

(ROW - 1)/15

RO ROW - (ARRAY-1)(15)

The terrain data located at (ROW, COLUMN, ARRAY) is checked to determine
if its elevation will block the LOS. If it does not mask the node, the
indices are incremented to the next value to be evaluated. After all

node-sensor combinations have been processed, the route dJevelopnient can

begin.

4.4 Route Selection.
With the node points for a route and their visibility determined,
the method for linking these nodes into a route can be finalized.
Two other characteristics of a node need to be considered along
with its visibility. The first is its elevation in relation to

surrounding nodes and the second is the distance to these surrounding

nodes.
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To determine the area size that should be considered a neighbor-
hood about a node, several military helicopter pilots were contacted
to discuss terrain following or nap of the earth flying. These pilots
unanimously report that a range of one kilometer is utilized to con-
sider their next position. Even though major terrain features used
for reference points can be seen several kilometers away, terrain
following flights require a pilot to concentrate on the immediate area
to avoid terrain impact. Therefore, one kilometer was selected as the
rectilinear distance about a node to define a neighborhood.

Depicting the relationship of nodes in a neighborhood, Figure 4.4
contains the nodes surrounding nodes 13 and 17. These nodes are in the
neighborhood of either 13 or 17. Table 4.2 lists these nodes, the co-
ordinates, and the distance from the center (1 unit = 70 meters).

The negative nodes are the high elevation centers and the positive nodes
are the low elevation centers. As can be seen in Figure 4.4 and Table
4.1, five nodes are shared by nodes 13 and 17.

With this information, a value can be assigned to these neighbor-
hood nodes based on their elevation and distance from the primary node.
The higher elevation nodes would normally be avoided in favor of travel-
ing to a Tow elevation node. A penalty for height is added to the ex-

posure value of each node by the following factor.

the penalty assigned to node j,

X
=~
1]
3
1
~N
©
]

~N
{1}

the elevation of node j,
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X-Axis
Figure 4.4 Node Linkage

Table 4.2 Node Links

Node 13 (113, 23, 300)

No. (X,Y,2) Distance No. (X,Y,2) Distance
6 (100, 10, 300) 13.038 20 (42, 27, 290) 10.770

8 (8, 10, 300) 16.971 25. (68, 8, 280) 14.036

9 (41, 12, 300) 17.029 27 (83, 38, 280) 19.799
17 (93, 25, 290) 10.198 -16 (64, 18, 290) 7.810

Node 17 (93, 26, 290)

No. (X,Y,z) Distance No. (X,Y,2) Distance
6 (100, 10, 300) 18.601 26 (93, 38, 280) 18.439
8 (81, 21, 290) 14.142 27 (83, 38, 280) 12.649
13 (113, 23, 300) 10.198 -12 (70, 16, 300) 14.866
15 (69, 24, 280) 14.036 -16 (64, 18, 290) 17.000

25 (68, 38, 280) 16.279 -20 (90, 31, 290) 12.083
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Zoin - the minimum elevation of the neighborhood nodes, ;
t
ZR = the range between the maximum and minimum ele-
vation in the neighborhood. i
] i
0s<1ZP, <1 »

ik IR APR

To account for distance from the central node, the penalty is
associated with traveling short distances rather than long distances.
The idea is to travel as far as possible in the neighborhood to reach

a low, least exposed node. Thus the distance factor is given by:

=

D. - D . :
_ min ¥
&
where DP. = the penalty for a short distance between the central §
J and neighborhood node, ;
Dj = the distance to the neighborhood node j, ;
¥
Dmin = the minimum distance, %
DR = the range between the maximum and minimum distance b
in the neighborhood. {
0= DPj <1 i
Adding these two factors to the exposure value results in the following :E
function. R - R 1 ?
B max 27 S3 | §
EP(ij) = NS - [ I l
min R
J max 2

< v ——————— e

The linkage (ij) is from node i to node j for which j is the mini- .
mum value within the neighbhorhood. Since each point and neighborhood
is considered independently of any previous neighborhoods, this method

is a dynamic programming approach to solving this problem.

P LT W S T e

e
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The route objective is to provide a path to the terminal position.
Therefore, some weighting should be given to those nodes which lie in
the general direction of travel. To implement this idea, the vector-
heading from the current position to the terminal node is found. The
nodes which 1ie within 90° of either side of this heading have a weight
of 1. Those nodes greater than 90° are located behind the current
position and have a weight of 2. The exposure penalty of a neighbor-
hood node is multiplied by this weight to give preference to those nodes
which are ahead of the current position. If a position behind the cur-
rent one has a very low exposure penalty it can still be selected, but
the route procedure will reorient to the terminal node and will favor
the destination direction.

When the route model has reached a position within 1 km of the
terminal node the weighting scheme is modified to be more selective.
The angle of preference is reduced to 45° of the route heading and per-
tains to those nodes lying inside the 1 km range. The weighting schemes
for the selection process are given in Figures 4.5 and 4.6.

In developing the model, it was found that these weighting schemes
lack one vital criterion - radar avoidance. The first two weightings
provide the model with decision logic which improves the performance
considerably; however, if the minimum exposure point was located on
the other side of a sensor, then the logic would still choose this same
point even though the route would then be directly over the sensor.
After some testing of the model, a.radar avoidance scheme was added to
the weighting preference.

Air defense radars usually will have an acquisition range greater

than the engagement range of the weapon system (guns or missiles). An

R SN IR A ¢ TSR VIRY e IR X YN e L PN WS
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engagement boundary around the air defense site is assumed to be the
weapon's kill radius. A vector from the current position to the sensor
is calculated to give the azimuth and range to the sensor. A cone is
used to form a high rejection area for nodes. The current position is
the apex of the cone and the base is twice the kill radius, with the
sensor at the base midpoint. A neighborhood node lying in this cone
and ahead of the kill zone has a weight of 2. If it lies beyond this
boundary the weight is 10. A node point which would cause the route to
overfly or pass too close to the air defense site is thus avoided.
Figure 4.7 shows the relationship between the current node and the
sensors, the terminal node and the new node. The angles shown in the
figure are ufi]ized in calculating the weighting values. Integer arith-
metic allows a uniform weight to be assigned within any one area. The

equations for calculating these weightings follows.

Angle of new node j from destination heading is:

AN - AH , -180°< ANT < 180°
ANT = ANj - AH + 360°, ANT < -180°
360°+ AH - ANj ANT > 180°
Direction Weight is:
Nj = IANT]/90° + 1
Terminal Weight is:
2 |ANT| /45° + 1 y» < 1 km

ij =
(2 JANT|/45° + 1) 100 , > 1 km
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Radar Avoidance Weight is:

AW, =

f
|

1

0, AS-ANj>AK
2, RNj > RS - RK, AS - ANJ < AK
0, RNJ < RS - RK, AS - ANJ < AK

Where the variables in the equations and Figure 4.7 are:

ANj =

AH
AN
AS
AK

RS
RK

T

RNj =

the angle from the x-axis to the new node j,

the angle from the x-axis to the terminal node,

the angle between the new node and the terminal node,
the angle to the sensor from the x-axis,

the angle to each side of the sensor heading which
would be within the kill radius,

the range to the sensor from the current route nodé,
the ki1l radius of the weapon system,

the distance to the new node j,

The final exposure penalty for a node is defined by:

Nk = min
Where Nk
W,
J
W,
J
AW,
J
4.5 Route

W. + .+ L) e ij
( ; RwJ ANJ) EP (ij)

t

= t

=t
t

Refi

he next node selected for the route,

the weight of node j based on its angle heading,

ha weight of node j based on its range to terminal node,

he weight of node j based on whether or not it lies in
he radar avoidance cone.

nement

A review of the resulting routes as developed by the model indica-

tes a need for route refinement; therefore, it is necessary for the

route selection logic to evaluate whether or not route nodes are

e R T e T
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adjacent to each other. In an attempt to avoid air defense sites, the
route may double back on itself. Thus, the route must be refined by
determining if each node j ahead of the current position i is the
closest one. 1If, for example, the ninth route node ahead of the cur-
rent one is the closest position, then that node becomes the next node
to link with node i. Node i is linked to node j by the following re-

lation.

L(ij) = m;n [(xJ- - xi)2 + (yj - yi)z]’/a

Jj o= i+1, ..... , N
where L(ij) = the link between i and j,
(xi, yi) = the current node position,

(xj, yj) the next node position.

With this refinement to the model route logic, a shorter more

direct route to the destination can be found. With the model develop-

ment complete, an example will be given in the next chapter.
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CHAPTER V
ROUTE SELECTION EXAMPLE

5.1 Introduction

The model is now utilized in selecting a route. The example de-
scribed in this chapter is a portion of a route found by the model.
Additional route problems that were solved by the model are contained
in Appendix A. The general computer outline of the model and each sub-
routine is given in Appendix B. In addition the model software is com-
mented throughout for ease in understanding the logic.

The area of analysis is 10 by 10 km. This size area is large
enough to exercise the model yet small enough to run in 30 CPU seconds
(6.5 seconds compile, 23.04 execution). The actual terrain is rolling
hills with an elevation range from 270 to 400 meters. Within this area,
3 sensors are located to provide radar coverage.

Two positions were arbitrarily selected on opposite sides of the
area as an initial and terminal node. These two positions are situated
such that the three sensors are between these points. Any route found
will have to consider node positions that lie near the sensors since

they act as a barrier to be crossed.

5.2 Elevation Nodes
The initial part of the model provides the clustering of terrain
data into high and low elevation groups. Within each group a center is

found that becomes a node point for selection. The example clustering

results were 106 low elevation nodes and 94 high elevation nodes.

e e
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Within the low elevation group, the initial and terminal nodes are in-
serted so that when the nodes are ordered by rows they will be in se-
quence, The first node is also the initial node. The terminal node

is number 86. A1l high nodes are indicated by a minus sign.

5.3 Line of Sight Calculations

The amount of calculation required in identifying the nodes is
minimal and consists mostly of comparisons and 1ist searching. The
first portion requiring any degree of computation is the LOS calculation
in subroutine RADIAL, h

For these calculations low elevation node 10 and high elevation
node -11 were selected as examples for determining LOS. Two sensors
will be used, as the calculations for more combinations are the same.

The coordinates of the two nodes and sensors are given in Table 5.1.

Table 5.1 Node-Sensor Coordinates

Node (Ni) (X, Y, Z)' Sensor (R) (X, Y, Z)
10 (29, 14, 310) 1 (68, 70, 300)
-1 (12, 16, 330) 2 (47, 99, 310)

The first step performed by the model is to determine if the node
or sensor is the western most point. Comparing X values in Table 5.1
indicates that both nodes are to the West of sensor 1. Node 10 will be
analyzed first.

Table 5.2 gives the initial values for the variables used in this

example. The horizontal scale is one unit equals 70 meters and the

vertical values are in meters.
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Table 5.2 Parameter Values
Map Sheet 2
EAST 30 4
WEST 16 X
SOUTH 1 p3
NORTH 150 '
Earth Curvature (RE)| 8490200.0 meters
(radar 4/3)
Vehicle Height (V) 10.0 meters
(Aircraft) E
r Sensor Height (S) 3.0 meters 3
GRID 70.0 meters £
|
] The first value needed is the horizental distance between the node and g
3
1 the sensor. 5
. 2 2% :
d = [(xz - X]) + (.Yz - .Y]) }
d = [(68 - 29)% + (70 - 14)2)% 2
d = 68.242 s
The azimuth angle cosine and sine are:
cosa = (y2 - y]) /d

cosa = (70 -~ 14)/68.242
= 0.82]

sinx = (x2 - x])/d

sina = (68 -~ 29)/68.242

0.5NM

The tangent between these two points will determine whether the -

eastern point lies above or below the horizontal as measured from the

A r e AT

western point. When calculating the tangent, the height of the vehicle

and sensor are added to the appropriate point. In addition, the earth

{ curvature for the radar beam atmospheric refraction is accounted for

im ot

by the following relation [16].
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Ref

0.5 (d)(d)/(RE/GRID)

Ref

0.5 (68.242)(68.242) /(8490200.0/70)
23728.5/121288.57

0.0192

The tangent is:

Tan 8 (( Zpt S) - (zN + V) - REF)/(d)(GRID)
i
(303 - 320 - 0.0192)/(68.242)(70)

-0.0036

Tan B

The absolute value of sina 1is compared to the sine of 45°. Since
0.571 < sin 45°, then the direction is either north or south. The
cosine is a positive 0.821 which indicates a north heading. When the
cosine is negative, a south heading is indicated. The y position is
found for the northr or south direction by incrementing v by one plus
any west boundary offset. In this example the Left Comp y is zero.

The integer value of y is used for the data base row index and is found

by integer arithmetic.

ROW =y + Ay
=714 +1 =15
ARRAY = (RQW - 1)/15 + 1
= (15 -1)/15 +1 =1.93 =1
ROW = ROW - (ARRAY - 1) (15)

=15 - (1 -1) (15) = 15
The column position can be found by the following.

coL

( dy/cos a) sinx + x - WEST + 1

(1/0.821) (0.571)+ 29.0 - 16 + 1

14.70 = 14

45
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The position of the first point to be extracted from the data base is

located at (ROW, COL, ARRAY) = (15, 14, 1) of the second map sheet.

Now that the elevation of 308 has been found at this point a tangent

is calculated to determine if this new point masks node 10 from sensor 1.

The distance to

dl

Ref'

Tangent o« for
Tan «
where Zn

Tan o

n

the new point, d', is given by:

Ay/cos

1/0.821 = 1.22

0.5 (1.22)(1.22)/(8490200.0/70)
0.5 (1.22)(1.22)/121288.57
0.000006

the new point is calculated by:

(Zn - (Zi + V) - Ref')/(d')(GRID)
the elevation of the new point.
(308 - 320 - 0.000006)/(1.22)(70)
-0.14

Since tan a < tan 8, this new point does not mask the node

(-0.14<-.0036).

The value of y is incremented to find the next grid

point to be extracted from the data base.

y
ROW

ARRAY
ROW
coL

2
14 +2 =16

(16 - 1)15+1 =2

16 - (2-1) (15) =1

(2/0.821) (0.571) + 29.0 - 16 + 1
15.39 = 15

T

T TR T

TR
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The second point from the data base is located in position (1, 15, 2)
(Z = 304). Since the column is equal to15, the eastern edge of the map
sheet has been reached. In this case this second point does not mask
the node, but any further calculations have to wait until the third map
sheet is read into core storage.

The second node, number -11, is located on map sheet 1. Since
this example began on map sheet 2, then the procedure for starting on
the second map sheet, where the first map sheet processing stopped, will
be shown. The basic calculations of sine, cosine, etc. are similar and
are given below:

[(68 - 12)% + (70 - 16)%]

d =
= 77.795
Cosa = (70 - 16)/77.795
= 0.694
Siny = (68 - 12)/77.795
= 0.720
Ref = 0.5 (77.795)(77.795)/(121288.57)
= 0.0249
Tan~ = (303 - 340- 0.0249)/77.795) (70)

-0.0068

In this case, sin a > sin 45°; thus the direction is east. For a
easterly vector the value of x is incremented by one to find the next
position, but the value of y is calculated. Since x < WEST, x and
COL are set to 1. The row index of y is calculated by

ROW = (Ax/sina ) cosa +y

((16 - 12 + 1)/ 0.720) 0.694 + 16

20.82

- -..:_-‘."_"._._'.___N““"‘ﬂ
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ARRAY = (ROW - 1)/15 + 1
= (20.82 - 1)/15 + 1 =2
ROW = ROW - (ARRAY - 1) (15)

20.82 - (1)(15) = 5
The first position in the second map sheet for node -11 is (5, 1, 2).
The tangent of this new point is calculated the same as shown for node
10. The tan o < tan 8 in this case; therefore, the next position on
the vector is found and checked for LOS.

The result of these computations is the number of sensors which
can see this node. Having obtained this count on each node-sensor
combination the exposure value for the node can be computed. For node

10 the count is 3, since all sensors can see this node. The Rmax value

for the node-sensor combinations in this example was found to be 161.941,

The sum of the distances to the three sensors is 252.589. The exposure

value is:
] ‘;fa. 1
EP = NS : Roax =1NSSJ
‘5_ Rmax B
=3 161.941 - ggz_éﬁ ]
161.941 d
= 1.440

5.4 Route Selection

For the route selection method, the initial point and the next to

last point along a route were chosen as examples. The initial point is
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Starting at node 1, the route seeks the minimum exposure point in the
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also node 1 (7, 3, 270) and the terminal point is node 86 (87, 124, 310).

neighborhood. The nodes surrounding node 1 are given in Table 5.3.
3 Table 5.3 Neighborhood Nodes
E Node { (x, y, z) Distance Exposure Value
t 4 (3, 9, 300) 7.211 0.672
-6 (13, 4, 400) 6.083 1.122
-8 (17, 5, 400) 10.198 1.167
-N (12, 16, 330) 13.928 1.310

value for these points.

ZP,
J

ZP4

P,
D J

DP4

= Z. -7

~J  "min
ZR

= 300 - 300
100

= 400 - 300
100

= 400 - 300
100

- 330 - 300
00

The distance penalty is:

i

|0 =D .
1.0 ( j 5 min

1.0 -{7.21 -6.083)
7.845

The height penalty is given as:

0.0

1.0

1.0

0.3

1.0 - 0.144 = 0.856

The distance and height penalties are now added to the exposure
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]
] 6.083 - 6.083 4
P = 1.0 -2t i
= 1.0 b
- 10.198 - 6.083
? L N e =
. = 1.0 - 0.525 = 0.475
_ 13.928 - 6.083
L N
= 1.0 -1.0=20.0
The final penalties associated with these nodes are:
Node 4 1.528
Node -6 3.122 %
Node -8  2.642 ]
Node -11 1.610 ;
The direction weighting of these penalty values are determined by i
computing the azimuth of the terminal and neighborhood nodes. Table %L
5.4 gives the azimuth angle to the nodes, their weight and their final %
penalty value. E
!
f

Table 5.4 Weighted Penalty Value

From To Angle x-axis Angle from Heading Weight Penalty
1 86 56° 0° - -
1 4 123° 67° 1 1.528
1 -6 9° -47° 1 3.122
1 -8 e -45° 1 2.642
1 -1 68° 12° 2 3.220
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To compute the Table 5.4 entries for node 4 the following values

are found using integer arithmetic.

R PRI J602 5 -19F b/ W - ey o PR, Tt

x-axis AN4 ARCTAN (Y/X)

ARCTAN ((9-3)/(3-7))
-56.31°

LA 2T ol

Since the angle is negative, it is subtracted from 180°."

AN 180° - 56.31° = 123.69° = 123°

4

e A e

ANT 123° - 56° = 67°

Weight Nj ANT / 90° + 1

TIPS &2 S oy O B

67°/90° + 1

e s 53 s ce 4 emai
1}

0+1=1 5
| (wj) (EPj)
' (1)(1.528) = 1.528

Penalty Epij

Node -11 is the only one in Table 5.4 that utilized the radar

avoidance weighting. Sensor 2 is almost collinear with nodes 1 and -11.

For this example, the weapon system kill radius is 1.5 km or 21.43 in
units of 70 meters. The calculations below would be made for all sen-

sors and all nodes in the neighborhood, however, only node -11 is af-

fected in this case.

Angle to sensor 2 is given by:

x-axis AN_,; = ARCTAN (Y/X)
ARCTAN ((99 - 3)/(47 - 7))
67.38° = 67°

w———
[}
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Angle of 1/2 cone is given by:
RS = [(99 - 3)2 + (47 - 7)%7%
= 104.00
AK = ARCTAN (21.43/104.00)
= 11.64°

Angle between sensor 2 and node -11 is given by:
AS - AP (from Table 5.4)
-1° = 67° - 68°
-1° < 11.64°

Therefore, node -11 is in the cone of high rejection.
ij = 2, distance node -11 < sensor 2

(13.9 < 104.00)

The next to last node along the route, number 78, utilizes the
terminal weighting scheme. The values associated with node 78 are in
Table 5.5. In this table the terminal node 86 has the smallest weighted
exposure. The values in Table 5.5 are computed as shown previously
except for the weight entry. The weight value for nodes 71 and 72 are

found below.

For node 71:

RHj 2 ANT/45° + 1,

2 (-179/45) + 1
2 (4) +1 =7

(13.153)(70) < 1 km

#
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For node 72:
(2 ANT/45° + 1) 100 , (15.0)(70) > 1 km

[}

RW,
J

"

(2 (-134/45) + 1) 100
(2 (2) + 1) 100 = 500

u

5.5 Route Refinement

To provide an example of route refinement consider the following

situation given in Table 5.6.

Table 5.6 Linkage

From Node (X, Y, Z) To Node (X, Y, Z) Distance
31 (11, 45, 280) 30 (23, 43, 280) 12.166
30 — 28 ( 8, 40, 280) 15.297
28 — 35 (21, 50, 280) 16.401
35 — 34 (11, 49, 280) 10.050
34 — 45 (1, 64, 300) 18.028

The linkage between these points can be seen in Figure 5.1.
From the figure, it is seen that node 34 is the closest node to node
31. The model determines this fact by comparing distances between

nodes. The distance from node 31 to each of the nodes ahead of it is

computed to the end of the route by the model; however, for this ex-
ample, the process will stop at node 45. Table 5.7 gives the dis-

tance values for each of these nodes.
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Figure 5.1. Linkage Example.

Table 5.7 Distance from Node 31

Node Distance
30 12.166
28 5.831
35 11.180
34 4.000
45 21.47
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The closest node to node 31 is node 34. In the refinemenf pro-
cedure, node 31 would be linked to node 34. Nodes 30, 28 and 35 would
be eliminated from the route. The next node in the sequence, node 34,
would now be compared with all nodes ahead of it for the closest node.
The model continues to evaluate each new node on the route until the

destination is reached. The results of this procedure become the

refined route.

I AT N

B

e

TN SRR, L5 P RN

:
L
i)
B
i




CHAPTER VI
MODEL RESULTS

6.1 Introduction

To evaluate the effect of sensor location on the route selection,
two sets of sensor deployments were chosen along with two sets of
beginning and end points. Since the test area was predominantly level
terrain, a second small area was chosen of moderately rough terrain.

The results of the two small 10 by 10 km terrain areas are pre-

sented first, followed by the large 35 by 35 km area. To run the large

terrain required increasing the dimensions of several primary arrays.
The computer processing time for the large area increased by a factor
of 10.

A plot of the route has proven to be the best analysis tool in
evaluating the resulting routes. The tables provide the quantitative
results; however, the route figures provide a visual comparison between

routes that is discernible.

6.2 Small Area Analysis

The performance of this model was judged by varying sensor and
route end points to provide different routes. Tables 6.1 and 6.2 pro-
vide the location of sensors and route end points utilized in the two

small terrain areas. Each set of sensors was deployed against each

route, resulting in four cases for each area as shown in Table 6.3.
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Table 6.1 Sensor Locations

Area 1
Set 1 Set 2
Sensor (X,Y,Z) Sensor (X,Y,2)
1 (68, 70, 300) 1 (115, 116, 330)
2 (36, 119, 350) 2 (90, 84, 349)
3 (47, 99, 310) 3 (103, 45, 320)

Set 1

(X,Y,2)
(28, 114, 330)
(61, 90, 380)
(78, 71, 350)

Set 2
Sensar (x,v,2)
] (78, 57, 350)
2 (85, 42, 340)

(100, 17, 320)

Table 6.2

Initial and Final Route Points

Area 1

Route

Node From (X,Y,Z)

1

1 (7, 3, 270)

Area 2

Node To (X,Y,Z)
8 (87, 124, 310)

2 K} | (11, 45, 280) 9% (135, 135, 360)

Route
1
2

Node From (X,Y,Z)

3 (26, 4, 350)
35 (11, 50, 300)

Hode To (X,Y,Z)
81 (118, 111, 310)
84 (128, 114, 320)
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Table 6.3 Route Cases

Sensor
Case Area Route Set
1 1 1 1
2 1 2 1
3 1 1 2
4 1 2 2
5 2 1 1
6 2 2 1
7 2 1 2
8 2 2 2

The initial point and the destination point are placed in the low ele-
vation array with their node number within that array given in Table 6.2.
Except for the initial and destination nodes, the set of high and low
elevation nodes for an area is determined solely on elevation. They
remain constant for all scenarios. Table 6.4 indicates 106 low elevation
nodes and Table 6.5 indicates 94 high elevation nodes. Tables 6.6 and
6.7 give the exposure values of these nodes for the first set of sensors.
These values will change with each sensor deployment and the number of
sensors. The first entry in Table 6.6 corresponds to the first entry
in Table 6.4 with the other values corresponding in the order given.
Likewise, Table 6.7 entries correspond to the entries in Table 6.5 in
the same manner. The data contained in these four tables provide the
basic information required for the route selection.

The results of the route selection process for the first case is

given in Table 6.8. The node linkage is from node i to node j with the




X=CCORDIAATE
Y+~COORDIAATE
2~CCORDINATE

X=COOPTINATE
Y-COORDINATE
2«CCCRCINATE

X=CCCROINATE
Y=COQRCINATE
2-COORCIAATE

X=CCORDINATE
Y=CCORGINATE
Z-CQORGCINATE

X=COORCINATE
Y-CCORDINATE
Z<CCORDINATE

X=CCCROINATE
Y=CCOPDIAATE
2-CCCROINATE

x=CCORDINATE
Y-COORDINATE
Z=CCORDINATE

X=CSGROINATE
Y=CCORDINATE
2-CCCRCINATE

X-COORCIKATE
Y=COORDINATE
2=-CCORDINATE

¥=C2CROINATE
Y=COORDINATE
2=CCOPOINRTE

N=CCCRDINATE

Y=COCRCIAATE
2-CCCROINATE

MUBEER CF NOCES

Table 6.4. Low Elevation Node Points

7 138
3 [
270 390
2@ 128
1e 22
310 209
€9 121
28 31
280 oo
23 LR
3] .7
230 280
127 8a
g5 63
31 S0
3e 9e
6F 76
320 0¢
138 L H
ge as
33¢ 300
53 Sé
9r ‘99
358 102
k4 145
117 116
309 Jag
13 S1
126 129
3ce 20
9¢ 53
148 106
300 c0
10¢

128
[
300

113
23
360

146
3a
330

“9
280

<4
(2]
250

144
16
300

15¢
21
60

10
10¢
3¢e

122
119
330

147
132
k314
148
186
20

3
300
28
300
112
390
1
[}
28¢
67
&2
29¢C
134

310

112
10
3oc

69
24
280

€8
8
280

21
S0
2e¢

1
6a
60

8
17
3ac

L)
52
31¢

L}
10¢

100
10
300

181
23S
300

93
38
280

(1]
51
80

25
[2)
oo

30
77
310

111
L 2
330

56
1C¢
22¢

87
12
21C

23
13¢%
302

124
1%0
320

(1]
11
290

93
é5
250

83
38
280

es
$2
2€0

5¢
£
<sC

81
12
290

79
2€
200

52
38
280

9:
Se
280

128
66
00

68
83
300

&S
s7?
300

as
111
ico

113
128
130

2%

141
300

41
12
300

2%

390

(1]
289

112
€5
300

113
(13
260

3
300
124
3tg

s6
1
ico

&7

128
330

[}
143
109

60

56
290
42
290
39
a2
280
145
300
143
68
300
a3
300

Se
350

166
114
3¢

123
129
136

T TS

38
160
360




Table 6.5. High ElTevation Node Points -

o

- 3]

X=CCORDINATE 32 Y3 €7 121 149 13 1S 1? 94 75 4
Y-CCORDIARTE 3 : 3 H 3 . 5 5 ] 6
2-C20RDINATE 330 310 209 e 350 400 330 408 310 300
. ! Xx=COORDINATE 12 °0 31 .7 18 [ 187 100 127 99
Y-COORDIMATE 16 16 17 1a 14 18 20 26 30 N
2-CCORCINATE sso 100 310 330 10 290 310 100 320 290
4=CCCROINATE 11 a7 21 1% 128 115 103 10¢ 10¢ 116
Y=CoORUINATE 32 32 3s 37 9 “2 a2 [} .6 [} ]
2-CCORGINATE 290 290 300 290 329 %0 e 330 320 330
x~CCCPITNATE 160 129 38 27 1 (Y] 82 10 83 51
Y-COLOFCIAATE 53 D) <6 57 5% 59 cy s¢ 70 70
2-CPORDICATE 330 330 300 200 250 300 2¢p 310 360 300
A=LnCPCINATE 1] 8 32 17 113 122 1Ce 139 90 105
Y-CGORDTNATE 71 72 T4 10 5 15 L) 5 8o a0
2-CIORCTAATE 300 330 310 330 349 130 332 310 e 340
¥eCCCRGINATE 118 [ i1 ] 11 115 o7 142 13¢ 22 106
Y-CTORCINATE es e? ee 89 50 90 LT §7 55 99
2-CSCROINATE 350 150 30 3¢ e 310 390 Y1) 350 330
2=CICRDINATE 182 118 a7 32 3} 108 13¢ 9 182 116
Y=COORDINATE 99 101 104 104 108 106 107 107 108 109
2-CCOPCINATE 00 L1T) 330 3sg 320 330 10 3¢ 00 153
X-COORDINATE 25 hL) 6s (1} 17 135 14¢ kA 27 €7
Y=COOPDINATE 113 11% 116 116 118 122, 12e 127 127 128
2-COORDINATE 350 . 380 330 300 323 31890 35¢ 326 3se 330
X=CCCFOINATE 103 .8 . H 104 Y 127 1} 6 12
Y<CI0ROINATE 129 129 130 131 127 137 137 137 138 138
Z-COGRCINATE 330 150 30 380 3% 1Y 340 LLY 330 310

X=CCORQINATE 3 140 118 17
Y=CGOFOINATE 163 143 146 148 i
2-COGRDINATE 380 330 330 340 \
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Table 6.9. Node Linkage

NCCE %Ce 1 TOTAL LIKKS s
NeVel CCORTINATE e 3 270
LINKED 1O . -6 -8
€XPCSURE 182 m 263
WEIGHTED 183 312 266
NGOE NO. 4 TOTAL LINKS s
Ne¥eZ COORTINATE 3 ¢y 300
LINKED 10 1 -6 -11
EXPCSURE 172 311 2¢7
VEIGHTED 106 M2 516
NCDE ADe =8 TCT2L LIAKS 6
Ke¥eZ COORTINATE 17, S 400
LINKES 1O 1 -6 -11
EXPOSURE 183 1 197
VEIGNTED 16e €24 198

NOCE hC. 11 TCTAL LINKS 6
Ke¥el CCORZINATE 2% 149 310

LINKEZ T2 9 16 20
EXPCSURE 44 218 167
WEIGHTED 207 216 536
NOOE w0, 9 TCOTAL LINKS €
XeYel COORTINATE 41 12 300
LINKED TO 10 -1la -2
EXPISURE 164 2Mn 246
sE1GrTED 165 278 494
NCDE 0. 10 TOVAL LIAKS 7
Xe¥eZ CCORCINATE See 12y 290
LINKES TO r 21 it
EXPOSUSE 248 214 1e7
wEIGHTED 248 433 188
NCCE wnCo 1S TOTAL LINKS 7
Ne¥el COCSIINATE €€y LTI 14
LINSEC TG 18 el 7
EXPISURE b3 ] 246 28RS
wEIGHTED 26 7 €72

NODE NO. 27 TCTaL LINKS 7
Xo¥e2 CCOFLINATE 23, 3€s 280

LINKED TG 26 18 37
EXPCSURE éhs 3] 2%7
VEIENTED 1} LY1} 258¢

NCCE nCo 26 TCTRAL LINKS ’
Xe¥el CCCEZINATE 913, 38y 2BC

LINZZ 19 17 7 18
EYPISURE L) s 159
wEIGHTED L3103 20 220

NOCE NCe =29 TOTAL LINKS M
NeVol COCMLINAYE 10% “te 320

LIMES 19 39 ie 38
ExPCSURE 246 ils 161
WEIGNTED 247 ale 32e

NCDE NCe 39 TOTAL LINKS €
Ne¥el CCONTINATE 1124 S6e 300

LINKEZE TO .5 12} =30
EXPCSURE st 172 LY
WEIGHPTED 202 108 69¢

NOLE &Co 49 TOTAL LIvKS [}
XeVel COORZINATE 113, €ée 300
LINNEC TC [ 1] L2} 4%
ExPCSURE T8 m m
VEIGATED 158 L1 ] 3r2

-11
160
322

-¢
262
2€3

-15
198
398

-13
29«
5940

-13
253
234

26
199
200

2%
23e
a7

25
238
Az

~20
278
558

-28
348
720

20
289
1L

-86
107
108

-1t
16¢
338

-1
166
167

-1
266
534

-1
254
210

~16
F{-1)
288

€
268
a9p

17
12
546

-26
253
e

-26
2

-47
510
€22

=13
165
2%2

-15
261
Ste

-1e
3c6
309

34
176
117

=30
258
29¢

-850
2e7
2té

-2
27
58«

=16
h LT
(Y1)

64
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Table 6.9. (cont'd.)

NCDE NC. 46 TCTAL LI\KS 8
XeYeZ COORZINATE 126, 66 300

LINKEC TO L} 34 50
EXPCSURE 264 LAY b
WEIGHTED L 52 156

NODE NOe =48 TOTAL LIVKS .
XeYe2 COOSTINATE 139, 5. 310

LINKED YO 23 54 50
EXPCSURE 129 114 12¢
WE IL+TEC ece 230 252

NODE NO. 93 TCTAL LINKS s
XeYeZ COORTINATL 144, T6e 300

LINKED TO 50 4 63
EXPCSURE %2 £8 71
WEIGHTED 3ice €9 12

NCDE NC. 63 TCTaL LIuKS L
XeY¥eZ CCORCINATE 150, 91e 3620

LINEC TO 13 57 =61
EAPOSURE 2% 259 283
WEIGFTED 27 €30 284
NCOE NO. T OIGTAL LINKS 7
XeYo2 COORLINATE 150e 105e¢ 360
LIKKED TQ ez -£5 =0l
EXPCSURE 5¢ ze 32
wELIGHTED © 57 323 313
NOBE AC. €2 TOTAL LINKS S
Xo¥e2 CCORIINATE  16Ss 115e 36l
LINKEE TC s3 -7 -5
EXPCSURE 52 P <RE
WEIG-TED ag <l8 289

RODE NKC. S3 TOTAL LINXS -
Xo¥e2 COORZINATE 1674 1324 330

LINKED TO 103 -1 -%2
EXPOSURE 61 273 1%e
VEJGHTED 124 548 155

NOCE NCo 103 TAT2L LIAKS B
Re¥o2 CCORCINZTE 1864 186e 322

LINKED TO a0 83 -92
EXFCSURE n S8 170
WEIGHTEC e 198 62
NCLE NS, 83 TOTAL LIAKS H
Ne¥ol CIORCINLTE 122s 119, 233C
LINCES T2 50 &g -T2
EvPOSUPE L] 27 2835
o IGHTEL LT 228 2€1

AODE WNC. 8E TQTEL LIAKS H
Re¥el CCCRCINGTE 11!y 1ZEe 339

LINKET YC ec ac -1
EXPOSURE 310 19¢ 341
MEIGHTED 622 398 3a2

NCCE NCe =05 TOTaL LINKS 12
Xe¥oZ COORDINATE 104, 137 330

LINKEC TO 91 %0 Ee
LINKEL TO -70 -73
EXPOSURE 118 254 130
CxPeSLRE ad 143
WEIGHTEC 212 <10 2¢2
VEIGHTED e78 L1 ]

NCOE NCo =9C TOTAL LIVXS H
Xe¥el CIORCINVATE 77 138se 31°

LINKED TO 51 (1] =70
ExPOSURE 126 9% e
WEIGRTED 13¢ 97 a40¢

-46
204
20%

-%5
23T
éle

=57
253
25

55
176
156

-7
2€6
S3a

-1¢
lel
le2

-6
17§
3580

-87
2t
age

-7¢
172
Sas

-£g
232
234

8

282

-ga
243
a3

-2
2%S
s2¢

-5
21¢%
21¢

-58
23S
472

ia-1]
270
ceg

-67
«21
LTYY

-1
il€
17

.ty
<l

aTC

-7
229
a1

79

-6
2%¢
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S8 e 37
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corresponding penalty associated with this pairing., The easting and
northing values are the number of meters from the southwest corner of

the area. This corner is the standard position for reference on a map. 4

iy

Knowing the southwest corner of the actual map area being analyzed, tne ¥

nodes can be positioned on the map by finding the point X meters easting

and Y meters northing from the southwest corner. Table 6.9 contains

-
YA o

the neighborhood nodes for each node along the route. Three data items

) P

H are provided: The nodes are listed on the third line, the unweighted
exposure value pertaining to that node is listed on the fourth line,
and the final weighted penalty for the node is given on the fifth line,

Figure 6.1 shows the position of the sensors and the resulting
route for the first case. The route avoids the air defense sensors by
traveling east before turning north. The destination point is
approached from an easterly direction.

i Figures 6.2 through 6.8 are the resulting routes for the cases

listed in Table 6.3. In each Figure the location of the sensors are
shown. The terrain in Figures 6.1 through 6.4 is flat to moderately
hilly. There is a valley that proceeds from the southwest to the

northeast through the center of this terrain. The rough terrain is

N e T S RN Y TR0, 1SR Y 7Y IR R 3 ST AT AL Seke (I B s el WM P

located to the southeast and east. A large flat-top hill is located in
the northwest.

The terrain in the second area is rougher (Case 5 through 8).
There is a prominent ridge running from the southeast to the center of
the area. There are valleys on each side of this ridgeline that join
in the northwest. In Figures 6.5 and 6.7, the route selection was

difficult with the sensors located in the northern ard central areas.

when the sensors were located on top of the ridge and to the south,
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Figure 6.1. Case 1 - Al, R1, S1.
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Figure 6.2. Case 2 - Al, R2, SI.
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Figure 6.4. Case 4 - Al, R2, S2.
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Figure 6.5. Case 5 - A2, R1, S1.
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the routes selected follow the base of this ridge (Figures 6.6 and 6.8).
6.3. Refined Routes

These initial routes shown in Figures 6.1 through 6.8 were refined
and the new routes are shown in those cases where improvement could be
achieved. For case one, the refinement process accepted the initial

results as final.

In the other cases improvement was achieved by the refinement process.

The improvement in case two occurs at the beginning of the route (Figure 6.9).

The route initially headed north and was not able to avoid the air defenses.
The model reversed directions and utilized a southern route. The route
refinement eliminates the first several nodes to achieve the improvement.
The radars are located in the east for cases three and four. The
initial routes are to the north; however, the hilly region in the northwest
caused the selection process to change directions and proceeds south. The
refinement in case three smoothed the initial portion of the route (Figure
6.10). The destination point in case four is located beyond the line of
radars; thus, causing the route selection to double back to avoid the
air defenses. There is significant improvement when the route is refined
(Figure 6.11).
In area two, the rougher terrain resulted in three of the four
routes doubling back significantly. With the radars deployed on the
high ground to cover the approach corridors, the route meanders
considerably since the model searched for an acceptable low exposure
route (Figures 6.5 and 6.6). The selection process finally reached

node 45 from which the radars could be breached. Figures 6.12 and 6.13
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shows consi“erable route improvement when these routes are refined.
Figure 6.13 indicates that the route refinement is not perfect in
that there is obvious improvement by proceeding directly from node
35 to node 52.

Case seven was the only route in area two that the initial route was
acceptable. Only the first three nodes are eliminated in the refinement.
For case eight, the initial node is located in a narrow valley forcing
the route selection to proceed south. This direction is towargs the air
defenses causing the meandering in the route. The refinement caused the route
selection to be across the valley entrance slope to achieve an acceptable
route. The routes in Figures 6.14 and 6.15 are mostly along the base of

the ridge. In Table 6.10 is a summary of the improvements in terms of

nodes traversed.

Table 6.10 Route Improvement (Node Traversed)

Case Initial Final
1 25 25
2 32 24
3 26 18
4 57 20
5 37 13
6 51 17
7 20 16
8 39 15
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6.4 Large Area Analysis

Several size terrain areas were utilized to evaluate the model's
performance. The initial point was held constant and the destination
and number of sensors were varied. Table 6.11 gives the location of the
sensors and the size area where they were utilized. The areas ranged
from 20 by 20 km to 35 by 35 km. The elevation varied from 270 to 610
meters for the 20 by 20 km case and varied from 270 to 850 meters for
the 35 by 35 km cases. The Timiting factor in the area size is computer
core capacity.

The southwest corner of each area is the same. The larger size
areas are obtained by increasing the x and y distance from this corner.
The test area discussed in section 6.2 is the southwest 10 x 10 km
sector of these larger areas. As one travels from the southwest to
the northeast the terrain becomes progressively rougher. Thus, the
routes were selected to travel this same direction. They begin in the
southwest and end in the northeast sector. Since the areas are larger the
Tethal radius of the systems were increased to 6 km.

The large size of these areas resulted in voluminous output from
the model. Therefore, the results are summarized rather than presented
in detail as the small areas. The routes developed by the model had
the same characteristics of the small areas. The route end points and the
sensor deployment determined the smoothness of the route. The routes
for all cases would begin fairly straight; however, the deployment of
the sensors and terrain roughness would cause meandering of the route

when it reached the central area of the 35 by 35 km case. The refinement

process eliminated the doubling back as it had done in the small cases.
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Table 6.11 Sensor Deployment

20-20 km Area 35-35 km Area
Sensor X,Y,2) Sensor (X,Y,2)
\ 1 (97, 280, 500) 1 (300, 414, 490)
i ’ 2 (165, 250, 440) 2 (371, 214, 490)
g 3 (193, 71, 490) 3 (14, 314, 450)
% 25-25 km Area 4 (285, 328, 460)
! Sensor x,Y,2) 5 (228, 407, 520)
1 (97, 280, 500) 6 (285, 243, 450)
2 (165, 250, 440) 7 (200, 214, 410)
3 (193, 71, 400) (336, 71, 350)
30-30 km Area 9 (364, 288, 530)
Sensor (X,Y,2) 10 (97, 280, 500)
1 (97, 280, 500)
2 (336, 71, 350)
3 (364, 288, 530)

Table 6.12 provides an overall summary of the six large cases.
The computer processing time for each of the cases indicates that
terrain size significantly increases the run times for the model. The
30 by 30 km case, when compared to the 35 by 35 km case of three radars,
indicates the deployment and route end points can produce very different
results. The initial routes for these two cases are refined to approxi-
mately the same size. In all cases the refinement provided an improvement

in route performance by reducing the penalty.
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CHAPTER VII

MODEL VALIDATION

7.1 Introduction
For the model to be of any utility, it must be tested and vali-
dated. A comparison is required between a tactician's route analysis
and the heuristic model which attempts to approximate that analysis.
The test area has relatively flat terrain through the center
region and high ground on the eastern edge and in the northwest
corner. The hilly areas are difficult for the model logic to process

into a smooth route line that an individual would expect to see for a

route.
A tactician planning a route needs to visually perceive the

relationship between the route initialization, positions to be avoided,

and the final destination. The air defense sensors will be bypassed,
if possible, by traveling around these positions outside their effective
engagement limits. However, one tactician's ideal route may be another
tactician's worst case. The manually produced route is a highly
subjective analysis.
7.2 Manual Route Selection

The development of a route by manual analysis requires studying a
topographic map of the appropriate area. The development of a low

flying aircraft route dictates the type of information desired: The
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location of the air defenses, the valleys, the hill tops, and the
built-up areas is important. The information concerning the area
is utilized in the route selection to avoid the air defenses and
enemy concentrations.

The problem with reading a topographic map is trying to perceive
the 3-dimension aspects of the terrain. Ordinarily, relief is shown
by contour lines. For level terrain the contour lines are widely
spaced whereas rough or hilly terrain will have densely packed contour
lines. The rivers and streams give the location of valley floors and
lowest points in flat terrain. One method for showing the vertical
aspects of the terrain is to draw a profile of the elevation. Along a
line between any two points the contour elevations are plotted, from which
LOS can be determined and the degree of terrain roughness (see Figure 2.2).
For a large area and even a modest number of points this approach is
impractical.

Figure 7.1 depicts the terrain area used in the test case and
indicates the relative position of the hills and valleys with the
sensors. The routes shown in Figure 7.1 were developed by questioning
analysts whose expertise is in air defense routing. Providing them with
the location of the sensors and the route end points on a topographic
map, the routes A, B, and C were chosen. If a direct route is required,
route A is proposed since it follows the valley floor and passes midway
between two of the sensors. If the sensors are to be avoided, routes

B an& C are chosen since they utilize the hills as masks and bypass

PRS-

SRy W P AR

S X

i
)
5
&




® Radar Sensor
A,B,C Routes

Figure 7.1. Terrain Area One.
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the sensors. Routes B and C are preferred by all the analysts. The
question of model validity is whether or not similar routes are
produced when the model uses its decision logic.

7.3 Model Route Selection

For development and testing of the model a 10 by 10 km area was
selected from the 35 by 35 km data base that is representative of
both relatively flat and hilly terrain. In the initial testing, the
model would form a circuit through several nodes before returning to the
starting node. After these first runs, decision logic was added in the
form of weighting as described in Chapter IV. The major piece of
information the model considers that the tactician has difficulty in
assimilating is the LOS determination. The degree of visibility a
node has with the sensors provides a basis upon which a quantitative
selection can be made.

To test this hypothesis, the model was run with different levels
of information available to the decision logic. With only the
distance and height of neighboring nodes, the model produced a very
irregular route. The model would exhaust the nodes in the neighbor-
hood before leaving that immediate region for any new points (Figure 7.2).

With the exposure value of a node added to the decision logic,
this second level of information allowed the model to produce a node
linkage which resembled a route (Figure 7.3). The third level provided
data on radar location and range with which the model was able to

produce a route that approximates the route an individual analyst would
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select (Figure 7.4). In Figure 7.4 the radars are deployed in
the northern sector and the route avoids them by a southerly route.

When the destination is within 1 km of the current position the final
terminal weighting forces the choice of the next position to be the
destination or an intermediate node. Normal attacking procedures
have some distance from target at which the attack is committed and
one proceeds directly towards the target. With high speed aircraft
(250 m/sec) this attack point is 3 to 6 km away depending on the
type of ordnance being used. Stand-off munitions exist that allow the
attacking aircraft to be 20 or more km away when releasing their ordnance,
if the target is heavily defended.

The results of the model are a series of linked points which
comprise a route. A comparison of Figure 7.4 with Figure 7.1 indicates
that the preferred route C is approached with the radar avoidance
weighting. The degree of match between the model route and the manual
route give a visual indication of acceptability.

7.4 Model Evaluation

The exposure value of each route node point was used as a basis
of comparison. Since the routes are not of equal length, the exposure
of the node links were used to establish the exposure value of a route.

The calculation of route exposure is given below:

=L By [ T—]
i=1
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n-1
where D = Z d.i+'| N
i=1
D = The total length of the route,

EV(Ni+]) = The exposure value of route node i+l,

di+1 = The distance from node i to node i+1,

EVR = The exposure value of the route.

Utilizing this relation the model routes can be compared with
the manually chosen routes. The scenario for the manual selection
and the model is Case 1. In Table 7.1 the route exposure values are
given for the three manual routes and the model route. The preferred
route C and the model route achieved an exposure value of 0.844 and 0.888
respectively.

The other routes that were developed by the model indicate that the
deployment of the sensors within the terrain have a definite effect on
the selection process. Rough terrain with sensors deployed to cover
the low elevation corridors is the most difficult case for the model
to evaluate and select a minimum exposure, minimum elevation route for

penetrating the air defenses.

Table 7.1 Route Exposure Values

Route EVR
A 1.582
B 1.325
C 0.844
Model 0.888
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CHAPTER VIII
CONCLUSIONS AND RECOMMENDATIONS

8.1 Conclusions

This research has addressed an area of air defense modeling which
is normally analyzed visually with topographic maps and coverage dia-
grams before any tactical gaming is performed. A significant problem
in analyzing terrain from a topographic map is perceiving the 3-
dimensional aspects of terrain features. The degree of visibility a
manually developed route will have can only, at best, be estimated.
Any route selected is based on the particular individual's ability to
be a good tactictian. Using the subjective route for air defense
modeling adds an unknown to the war gaming results.

The model that has been presented overcomes the shortcomings cited
above and provides a minimum-exposure, minimum-elevation route. The
developed route then serves as a baseline from which other flight paths
can be evaluated. The model provides the visibility or exposure of all
the high and low elevation nodes within the area. These values can be
used as a reference for evaluating the visibility of specific areas of
the terrain in addition to route identification.

Terrain roughness has a marked effect in the developed route.

By placing the radar sensors at key positions to cover approach cor-
ridors, the model develops long routes in searching for a minimum
exposure route. The long routes indicate the problem of traversing an

area undetected by modern air defenses. The addition of more sensors
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increases the penalty associated with travel through an area and also
increases the route length. 1In the 35 by 35 km case the penalty value
increased from 12783 for the three radar case to 95154 for the ten
radar case. The route nodes also varied from 181 to 466 in the ini-

tial routes.

8.2 Recommendations for Further Research

In testing this model it became very obvious that minor changes
in weighting of a single node point would result in an entirely dif-
ferent route. Further research is needed into the sensitivity of the
weighting scheme utilized in this model.

The decision logic that is used in this model is by no means the
only one that should be used. There needs to be the ability to enter
check points through which the route must pass on its way to the desti-
nation. Along this same line of reasoning, the model could be modified
to evaluate a proposed route rather than find the route.

The idea of limiting the next node selection to a neighborhood
about the current position could be expanded to other problems besides
air defense aircraft routes. The routing of oil and gas pipelines could
be analyzed using the model. The radar sites could be a town or built
up areas to be avoided. The weighting of the height penalty could be
increased to favor level terrain.

Lastly, the author hopes that this research might serve as a start

for further effort into the general problem of routing.
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APPENDIX A 4y

ROUTING PROBLEMS 1

{‘

Within this appendix are the data tables for the additional &
problem cases discussed in Chapter 6. Each set of tables is preceded

by a page identifying the case. The tables for exposure values in ' s

these cases were not included for the sake of brevity.

L eI

|
]
E
g
4
|
!
§




Case 2 - Area 1, Route 2, Sensor set 1,
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Table A.1. Case 2 - Node Linkage for Route
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31 1l 1010 30 2¢ 1610 10010
30 1610 10010 z8 T4 560 S200
28 $60 9800 35 H 1470 10500
35 1870 10500 18 164 770 10430
34 770 10420 a5 1 70 11480
.5 70 11480 -3¢ 160 700 11200 ;
-38 100 112c0 -42 260 560 12040 H
42 560 12040 =52 231 560 13050 x
52 560 13050 XY 97 1190 12180 '
4y 119¢ 12160 Y 188 1750 11480 y
Y3 17%0 11460 -13 216 2660 1052¢ .
-33 2660 16520 32 15 2590 1029¢ .
32 259¢C 10290 -22 452 3290 9240 r
-22 3250 9240 29 145 2730 $940
29 2730 9540 26 232 3710 Seel .
24 3710 S6€0 2s 242 4760 S€60 :
2% a76c SEE0 13 228 3650 10430 $
33 3850 10430 26 295 4760 16570 5
36 4760 10570 37 240 5810 10640 ¥
3 5810 10640 8 198 6519 107€G i
38 6510 10780 43 298 6580 11810 :
a3 6%80 11410 €2 27¢ 111 12220 :
52 €580 . 12328 61 26¢ 7560 11230 3
61 7560 13230 -46 252 8540 12258¢ i
Y3 TLYY] 12250 sS4 87 9380 12320 H
54 9360 1232¢ 53 ce 10080 12320 £
s3 10080 12320 €3 n 16500 1337¢
63 16503 11170 73 27 16500 14289 3
73 10500 14150 82 €7 1CAa30 15130 v
82 10430 15310 92 96 16290 16240 :
22 10290 16240 96 2e¢ 9450 16450 !

e

§




- -
k
4
i
B
103 :
Table A.2. Case 2 - Node Linkage i
4
NODE NO. 31 TOTAL LIAKS v }
XeYe2 COORDINETE  33e o5, 26&0
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NODE %O, =Y8 TOTAL LINKS 3 x
Xe¥eZ CCCSCINATE 104  Sé»  31C ;
LINKEC TC (Y3 -42 -té E
ExPCSURE 151 2¢9 165
VEIGHTED 306 260 132 ;
NODE NC. =02 TATAL L\« b !
NeVe2 COQRDINATE Se T2y 33 :
LINKED TC s -ce -52 :
EXPOSUAE :79 126 21 5
VEIGHTED 280 25e 23 0
i
i
! WOOE NC. =-%2 TOTAL LIAKS s ;
: XeYo2 CCORDINZTE &, 574 350 !
& LINKES TO ss L Y Y e L !
) | EYPCSUPE 21¢ 111 11 [T zeg §
g | WEIGHTED se2 114 €80 9° .94 £
| f
E NCDE AQ. =04 TOTAL LIAKS £ :
XeYe2 CCORCINATE 17, 744 330 .
LINKED 10 (1 Y €6 -3 -c4
CXPOSURE s3¢ 1€7 2: 251 22
WEIGHTED £2¢ 168 a1e sge .86
NCOE NC. 46 TOTAL LINKS s -
No¥Ye2 COCFLINATE 28y €&y 330 ’
LINKED T2 L3 LT3 -3 -a3 -33
* EXPOSLRE %0 2€6 3ce 360 212
WEIGNTED s¢2 s 14 61¢ 122 214
NODE NCo =33 TOTAL LIAKS «
ReVe2 CCSROINATE 84 %6y 300
. LINKED TO L} 51 23 -3¢ -34 a0
EXPOSURE 176 398 177 age 101 338
VEIGHTED 1se 192 1sg et T6s 3360

[N




Table A.2. (cont'd.)

NO0E NO. 32 TOT3L LINKS -]
Xe¥e2 COORDINATE 37, 4T, 2900

LINKED YO 28 -2¢ =34
EXPOSURE EX M 281 382
WEIGHTED (3 1) S84 666

NOOE NC. =22 TCTAL LIARS 6
NeYe2 CCCRCINATE a7, 32« 2%0

LINRED YO 18 26 20
EXPOSURE 7 M 190
WEIGHTED €22 ¢38 191

NOCE NO. 29 TCYAL LINKS ¢
NeVeZ COOPCINATE 35, a2y 2820

LINKEC TO 2e e 15
EXPOSURE 31 c%2 282
WEIGMTED 222 406 S0

NODE NC. 24 TCTAL LINKS ]
Ne¥el2 CCIRDINATE 23 Yo 200

LIN«ES T2 " <t 25
EXFOSURE ore et 262
NEIGrTEC aF" €12 PLE)

NOLE MO 2% TOT:IL LINKS L]
NeV¥el COCRCINATE (XX} les 22¢

LINKEE TO ¢ H 13
EXPOSURE ic9 269 2%8
VEIGHTED 312¢ Seg s1e0

NODE NCo 33 TCT2L LINKS L3
Ne¥el2 COOPTINATE S ASe 200

LINKES YO 3¢ “ -3¢
EXPCSURE 54 278 alE
NETGMTED 9% 2750 .19

NOCE K% 36 TOTAL LINKS €
NeVeZ COJRCINATE 68, tle 220

LINKED TC . b4 [}
CYPOSYRE ey 2'9 L3 0
JEIGHTED 3e80 260 3340
NCOE NCeo 37 TOTAL LiIwxS ?
Xo¥e2 COJARCINATE 23, 2y 280
LINKEC YO b1 ] a2 217
EXPOSURE 197 2e3 208
WEIGNTED 19¢ ¢4 18

NCDE NCo 368 TOTAL LIAKS L
NeVe2 CCCPCINATE S3e ey 208C

LINNES T7 o2 .2 -37
EXPOSURE 297 %0 2%¢
SEIGNTED 798 2210 2%9%2

NOCE NO. 43 TOTAL LInxS L
Xo¥eZ COCICINATE 96, €le &9

LINKED T L1 £2 -37
EXPOSURE 3 271 2¢2
WEIGHTES riae 2"e %2¢

NCCE WCo 92 TOTAL LINKS L]
Xe¥el CCCRCINATE See Tes 300

LINKED TS 60 £2 42
EXPCSURE 291 217 231
wflemTEC S84 278 (11}
NOGE KO, €1 TOTRL LIAKS 9
XeVe2 COCRCINATE 178, 89 33¢
LIwngD T 6¢ 72 =21
CYPOSURE 139 27 348

wEIGNTED 30 %6 694

=36
132
(1]

29
144
182

.26
329
(114

18
307
1€

Fai
276
N

3%
303
3060

27
17¢
IS4

L3 ]
3Ge
3o

-29
248
492

-39
29¢
2910

€1
266
268

=5¢
364
ees

-24
el
anp

=34
e
n1

€ v em
oo m

~
o ny

1?7
FL3
seo

-3¢
ale
a1%0

2¢
16¢
3%a

-28
2%e
%1€

-47
28¢
287

~e5
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T1¢

T
267
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-37
409
all0

-87
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Table A.2.(cont'd.) “

NOCE NCe <4 TOTAL LINKS L]
Xe¥oZ CCCROINLYE 1324 TSy 330

LIvKEL T¢ g S s
EXBOSURE 146 e 234
WEIGKHTED 294 &7 79

NODE ANO. Se TOTAL LIAKS 6
Xe¥e2 COCADINZTE 13e, Tes 310

LINKED 10 52 .8 Se
EXPCSURE se 103 9¢
WEIGHTED S6 208 182

NCRE WNCeo 53 VTOTAL LIAKS L
Ne¥eZ COJIRODINATE 148, Tee 200

LINKED TE S0 €3 42
ExPCSURE 128 70 11C
MEIGRTEL <98 n é22

NOCE KC. 63 TOTAL (IAXS H
Xe¥e2 CCORCINATE 1535, Sly 369

LIKKED T2 13 =<7 -6l
EXPOSURE 26 59 28%
VEIGHTEL 27 €00 28+
NCCE MO 73 TOTAL LINKS 7
XeYol COJRCINATE 15Cy 1°S, 33
LINKED T2 82 €9 ~61
EXPOSUPE 56 Je2 312
WEIGNTED 57 333 62¢

NCOE NC. B2 TOTAL LINKS «
Xe¥oZ CCIADINZTE 163¢ 119, 3e0

LINKED TC 92 -7 -85
EXEQSURE s 208 zae
WEIGMTED 9% 208 $T¢
NODE O, 92 TOTAL LiMxs L]
ReYol CCOFTINZTE 187, 122, 230
LINKEC T3 t 13 1c: .77
EXPCSLRE c8a [33 L]

-QR
110
222

-ty
26t
287

-55
11e
3ca

-67
26¢
Slé

-8
161
162

-9¢
les

BEIGWTED cBS  1:e(3 75C  1e7CC

L3

€

-1
128
229

2%

LY
il
LELEY

-8
P
a72

-5¢
210

62

%7
€21
Y

-7g
15¢
L0

105
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Case 3 - Area 1, Route 1, Sensor Set 2.
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¢0
-4
=37
L1 ]
.2
9
a8
50
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=46
=55
53
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73
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93
102
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-s3
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$74C
6513
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71910
29¢¢C
1001¢
9380
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940
10080
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980c
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r22C
6370

11971
11130
10%e0
11630
116490
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17220
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17C60
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Table A.4. Case 3 - Node Linkage

NGOE NO. 1 TOTAL LINKS .
KeV¥el CCORCINATE Te Ty 27C
LINCED TC L] -6 -8
ENPCSURE (L1 qe 1713
WEIGHTED 6 224 174

NOCE NCe =11 TOTAL LINKS 6
XsY¥e2 COORDINATE 12+ 16e 330
LINKED TO le L] 19
EXPISURE 5 %2 0
WEIGRTED % 136 1

NCOE NO. 19 TOTAL LINKS 1
Xo¥el CCORCINZTE 1) 27,  30¢
LINKED TC 11 10 -23
EXPCSURE 154 <3 180
wElGnTEC 310 56 181

NODE NO. 30 TOTAL LINKS 7
ReYo2 CCORDIMNATE 3%, AZe 282
LINREC TO 32 28 20
EXPCSURE 15e 91 123
WE IGRTED 185 92 268

NODE WO, 28 TCTAL LIMKS [
Xe¥eZ CCORCINATE S2e 3ze 280
LINYED TO b3 a1 2¢
EXPCSURE 183 1s6 10%
NELIGMTED 181 Facll 106

NODE NC. 36 TOTAL LINKS 8
Xo¥e2 CCONCINATE €&y  %1e 26C
LIn<iC IC . 25 13
EXPCSURE 2 w2c 20
WE16=-T€C 33 ze2  2e2

NOCE NC. 17 TOTAL LINKS e
ReVel CCCRTINATE a3 S2y 8¢
LINKEC TO 3¢ 2 27
CaPISURE 76 262 114
VEIGHTED " AES 213

NJCE NO. 26 TOTAL LIAKS ’
Ae¥el COIRCINETE 9% e, 2e¢
LINKED TO 27 7 12
EBPOSURE 143 128 57
WEIGHTED 104 2%e 11¢

NCCE NCo 18 TOTAL LINKS 9
XeYeZl CCORDINATE 7S Z6e 280
LINKED TC 15 27 17
€»PCSURE iSe 136 16¢
WIIGHTED 30 17 161

N2CE NO. 25 TOTAL LIKKS L]
ReVeZ CCORIINATE (1-X} 18e 200
LINKED 7O 21 18 27
EYPGSURE 1% 148 1a¢
WEIGrTED 210 2%e¢ 150

NCDE NO. 33 TOTAL LINKS 2
Xe¥YeZ CCOPCINATE S, ¢9e 28C
LINKED T2 (1] -3 L-H
Exposure 7% 299 106
WEIGHTEC 182 2%6 107

NODE n0es ~35 TOTAL LIMNKS 5
Re¥Yol COOPOINATE €8 59, &350
LINKED TO . [} -8y
€xPOSURE 178 1C¢ 21%
VEIGNTED 176 107 2i6
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Table A.4. (cont'd.)

NCCE NOo 47 TOTAL LIANKS .
Ne¥el CCOROIN:TE Séo 65¢ 90
LINXKED TO (1] =40 -36
€2POSURE 110 260 209
wfIGnTED 111 2€1 42¢C
NCDE NOo a8 TCTAL LINKS 21
XeVe2 CCCRTINETE (3 63y 250
LINKEC YC .2 <e %9
LINKEC Y0 32 62 &5
LINKEEC O -56

ENPQSLRE 183 207 237
EXPCSURE 67 1¢68 21¢
EXPOSUAE PR ]

BLIGHTEC 184 20¢ 238C
wEIGrTEC 136 yle 2176
wiiGrIIl L 34

RCCE n0. A TOTAL LINKS 6
Xe¥ol CCORCINZTE Géo 6y 2950
LIAKED TS 3f 42 $2
EXPOSURE 100 186 7¢
NEIGrTED <02 187 gcc
NCDE AQ. =47 TOTAL LINKS 8
WeYo2 CCLROIAZTE 1Ce, 15e¢ 230
LINKES T2 52 s (3}
ExPCSLRE &2 .2 178
WEIGrTEL 62 13 3s6
NCTE MO, €2 TOTAL LINKS 7
Xe¥el COCRCINZYE 94, Tes 2CG
LIAKED TO &C €2 LY
ExPOSURE 1%6 1€2 101
VEIG=TED 187 1630 20
NOZE KCo 60 TCTsL LINXS é
XeYel {OIKTINLTE 6l 83s 340
LINKET TC £2 %8 13
EXF2SLRE 17¢ 122 151
WEIG~TED 1T 2646 10e
NODE “Co =81 TCTAL LIAKS .
NeTel COIPIINATE [ 12} Tie 305
LINED T2 &3 3] =35
gxprsLet ik -4 29 raLs
wElGTEQD ALl 229¢ 23¢
NCOCE %Ce =7 TCTAL LIAXS M
NeVel COCSZINATE 82 34 292
LINES 1D .2 38 -3S
CAPCSCRE ced ] 194
wEIGNTED <0 2 19g
NCCE XCo g TOTAL LIMKS 3
NeVel CCICTINATE L 3-0) See 2AQ
LINNIZ 72 [ ¥ -29 -28
EXPCSLAE 151 &8 167
weEIG-T€0 1é2 158 13¢
NOOE 2O, 42 T3TAL LIMKS 13
RoV¥e2 CCOSTINATE LLRY 63s 250
LINSEE TO 27 ‘e 62
LINREL T2 -23 -é8 a5
EAPCSURE 112 18 169
EaPCSURE 27 189 123
JEIGrTED 22 e 240
vElerTED cc 360 124
NCOE ACo o5 TOTAL L INXS 6
Ne¥e2 COSYCINATYE 133, 6t 30C
LInkEL 10 25 .8 41
ExPOSURE (] 1% 31
wfI6nYED 172 2 (1)
NGO %O, 08 TITAL LIVHS )
NeVel CLOFTINATE 128, 6€e 300
LINeEs T2 [} H 8¢
[$ 1231513 126 [} 24

wEIGmTED 0 82 80

—
-8)
178
382
60 a3 38 51
-41 -37 -40 -35
197 (1] 36 19¢
243 18 202 21¢
396 6S 10 392
244 18¢ 2c3 15C
=37 -39 a7
183 163 5e
288 16 59
€2 -50 45 LS}
98 268 149 226
99¢ 2690 300 221
61 -4 -50 -5
169 cle 203 192
Jal 233¢ 240 308
-49 -3% -ay
FLL) 141 ES
265¢C i8e 170
-37
e
180
39 5 [ 33 24
65 (1 188 H
132 (3] 312 (13
-85 48 ~$0
197 120 188
198 121 1850
-46 -32 -8 -4t
137 126 3] 65
276 1] 8 03

27
-3¢

3
190

183
laz

~49
139
1439

-9
a1e

L1

-3

1ep

s2
-49

90
220

€19
a2

-4

z2ce

«tse
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Table A.4. (cont‘'d)

AICE AC. SC TOTAL LI%KS €
XeYel CDORCINITE 163, 68, 300
LINKEC YO S3 ac Se
EXPCSURE 100 80 98
VEIGMYES 10 182 a9

NODE AQe Se TOTaL LINKS S
Xo¥e2 CCORDINATE 134, Tée 310

LINKES YO S -ep ~4¢
EAPOSURE e 110 65
WIIGHTES 112 222 T0
NCOE NO. =86 TOTAL LINKS L}
Re¥eZ CCORCINATE 122, 75« 330
LINKEL TO 61 -ef -%1
EsPCSLSE 91 124 219
WIIGHTES 320 2%0 2200
NCDE AC. =S5 TOTAL LINKS e
Xe¥e2 CCORCINATE 135, 30¢ 370
LINKED TO 69 €3 52
EXPCSURE 183 1ce 32
NEIGHTED 1540 20¢ €6

ACDE XCe. <3 TOTAL LIAKS 3
XeYeZ CCORCINATE 144, Tes 3C0

LINKED YO 63 -8 =57
EXPCSLRE 61 120 186
WEIGHMTED 62 101 187
NCOE nC. 62 TOTAL (INXS .
XeYeZ CCORCINATE 150, Sle 160
LINKEEL T2 73 -57 -61
EXPOSURE 26 202 157
SEIGHTEC 27 243 316

NOCE NO. 73 TOTAL LINKS €
Re¥e2 COORJINATE 188, 10%e 60

LINED TO 82 -€5 81
ENFCSURE s a8 181
WEIGHTED 3s &5 182

KO0LE NO. 82 TCTAL LIAKS <
Xo¥e2 CCORTINATE 185, 116, 340

LINKED 10 92 -77 -6%
EXPOSULRE [ 1] 211 31e
JEIGHTED [} 212 ns

NCCE NC. 93 TOTAL LINKS .
Xe¥e2 COORTINATE 147, 132+ 232

LINKED TO 132 -7 =52
EXPCSLRE 31 -1 15¢C
VEIGNTED 6 Se2 161

NOGE NOe 103 TOTAL LIAKS [
NoYe2 COORTINATE 1886s 186e 220

LINKEC TO 9c &3 -92
EXPCSURE 118 << 17¢
VEIGHTEC 116¢ ces 17?
NCOE NCe =92 TCTAL LINKS ?
Xo¥el COORDINATE 145, 142y 130
LINKED TO 92 &l eR
EXPCSURE 102 160 16s
VEIGKTED 1448 1010 650
NOCE NCe <93 TOTAL LIAKS .
XeV¥el COCRCINATE 115, ety 330
LINED TO 3¢ -8% -7
EXPOSLAE 12% 253 32s
WEIGHTEL 1260 2%e (311

NSCE KO. -85 TITAL LIKKS 3
ReYoZ CCONCINATL 104y 137¢ 332

LINKEE TC L s2 81
E¥PCSLFE % 1%6 ise
MEIGHTED 2570 127 359¢

MCDE KCo 92 TCTAL LINKS 9
RNeVoZ CLCALINATE °1e 129 300
LINKEC TC s1 L1 L1
EXPCSURE sl 281 98¢
VEIGHTED 162 202  s2%00

Y )
132
133

=55
169
170

=55
171
172

72
59
120

-58
176
342

.67
26
2630

=76
148
16€

75
187
1840

-87
266
45s

-a7
29%
%92

8
a0¢

-3
13¢
<7e

-2?
1€¢
16%

-57
25¢
<1e

-s¢
171
172

-67
242
ée3

-17
22
22%

-77
25¢

%1

-1

6i70C 1%9€00C

-58
272
273

-57

151
182

-76
21%
21€0

-76
€38
23990

-73
29t
é9600

“61
1e&
e

.03
178
180

.50
196
€97¢¢C
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Table A.5. Case 4 - Node Linkage for Route
FROM EASTIAG ACRTFING e PENALTY EASTING NORTFING 3
k
3 770 10150 1 164 1470 1C500 =
L1 ] 1470 105¢0 -24 16¢ 2450 c590
-24 2850 ss<0 -22 177 1290 S240
-22 3290 5240 32 14¢ 2590 1¢2¢60
32 2590 1025¢ 30 220 1€10 10010
30 1610 10010 28 23¢ 560 SE00
28 560 9860 - - 34 185 770 10630
3s 776 10430 a5 3 70 11480
a5 70 11460 €5 20¢ €60 1290
ey 560 12350 -13 153 2€60 1520
-33 2660 10920 51 337 2660 11760 -
51 2660 127¢C s7 198 2540 12676
57 2940 12670 67 162 3850 13¢50
67 1880 13650 76 3134 3520 14420
3 1520 14420 -73 2 4550 15120
-13 asse 15120 ° -78 261 €19p 1¢690
~78 5390 15890 -90 281 5390 16660
99 5390 16660 a9 3z¢ €370 1€030
e9 6370 16020 59 270 5810 17¢10
s9 £810 17010 €1 6Ce 6020 16030
51 €020 16020 LT Y €250 16650
Se €250 16450 104 12¢ 4760 17293
104 4760 17250 102 2 3110 17220
102 3710 17220 100 2 2660 17080
1c0 2660 17680 93 1e 1610 16450
X $3 1€1¢C 1e450 1) : 1120 15408
; (1} 1120 12400 es 101 1120 1%%ep0
1 1120 18540 97 3 Sa0 16590
97 98¢ 16590 (13 2¢2 770 15€9¢C
&6 770 15650 $8 1 1750 16870 ;
98 1750 16870 81 Y3 490 15190 P
81 a9¢ 1£15¢0 9c 29 2240 1645¢
95 2240 16450 -E6 177 3ceo 16850
-86 3o80 16590 -88 29¢ 3a30 1659¢
-08 3430 165°0 -5 167 4480 16660
-89 LYY 46660 87 346 3590 15960
87 3990 155¢€0 -¢S 29¢ 270 14350
65 4270 14250 -56 408 2290 13200
-5g 3290 13:1¢ -c3 274 3290 14280
63 3290 164280° -Te 274 3430 15120 ;
-74 343¢ 15120 -82 3c9 3360 16030 »
-82 330 16020 -c9 462 1540 13930
~59 1560 13920 -71 286 1750 18510
-7 1750 18510 -ty 240 2310 13160
-53 2210 121¢€0 -a3 302 2240 12180
] 43 224C 12160 Y3 374 1750 11680
] 6 1750 11660 S6 200 2100 12390 .
3 s6 2100 12350 € 234 2100 13370
. 1) 2100 12270 15 215 3150 14020
78 3150 16420 -2 450 2450 15050
72 2450 15050 65 2.9 3080 13510
65 3080 13510 ~64 494 2240 18260
64 2240 14250 -83 274 zero 16100
-83 2870 16100 101 98 €720 17150
101 6720 17120 -93 307 8050 17080
-93 8050 17060 -27 12% £890 16590
-87 68%0 16590 9% LYY 9453 164%0
}
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Table A.6. Case 4 - Node Linkage

M NOOE NCeo 31 YOTAL LIAKS ?

Xo¥eZ CCCRCINATE  11e 4%, 28C
. LINKED TC 3 2e 3¢ 3 -21 -23 -2
EXPCSURE 201 18 81 119 138 120 203 g
VEIGHTED 202 318 16¢ 260 280 181 208 E
NODE NCo 3% TOTAL LINKS 8 1
3 XNe¥eZ CCORDINAZTE  Zle S04 280 g
LINKED TOQ 30 1 . 28 -3¢ -38 .23 .24
ENPCSURE 193 178 237 9¢ i82 238 207 164
VEIGHTED 188 3s8 23e 198 83 T8 313 16% .
. NCDE NO. ~26 TOTAL LIAKS ?
KeYeZ CCORCINZTE 3%, 374 29° d
LINKED TO 29 12 1 3 15 .22 -23 5
ErPOSUPE ie3 159 178 193 201 176 203 ¥
WiISHTES «88 156 35¢ HH age 1717 ACE
. NIDE NCe =22 TOTAL LINKS 6
Xe¥el COORDINATE 474 324 250
] LINSET 1O 16 24 2¢ 25 LH -1e
: TXPCSURE <53 a1 1 150 144 238
wEIGRTED so08 .28 172 191 108 72 !
NCOE NCe 32 TOTAL LIAXS € ]
Xe¥oe2 COONCINZTE 37, a7y 220 ]
LINKED TC 2§ e -3 -3a -2 3
E»PCSURE cay 109 314 289 2¢6 |
NELGRTEL .83 2z0 315 500 53e i
NCOE NCe 30 TOTZ2L LINKS 1 3
Re¥Ye2 COORDINATE €3 43e <22 :
LINKED T) 34 26 .21 -3e -21 -33 $
ExPCSURE Le7 110 363 a7t 16?7 Y] ﬁ
WEIGHTED e 20 60¢& 27% 13¢ .98
NOCE AO. 23 TOTAL LIAXS 3
Ae¥e2 COORDCINATE 2s 4Gy Z00
LINKED TC 3e -21 .28
(311111114 186 236 203
VEIGHTED 188 a7 204
NOCE ACe 34 TOTAL LINKS 3
KoVl CCORCINETE  11s 49, 2088
LINKEE TO as -ta -2
EXPCSLRE 1 297 119
WEIGHTED 34 238 120
NODE NCe &% TOTAL LINxS \
XeYeZ COOROINZTE 1e 66y 30C
LINKELD 0 L] -1 -2
EXPOSLAE 206 206 2%t
VEIGMTEC z08 2¢7 2%t
k. NOCE NCo 85 TOTAL LIN®S 1€
; KeY¥e2 COCROINZTE 2 174 4% .
LINKEC TO 70 Y LT3 6e s1 -e2 -0 -2 -5 -18
LINNKED TO -e3 -5 -5 -3 66 -33
EXPCSLRE 294 182 211 240 17¢ 269 268 290 2% 187
EXPCSURE 209 263 202 1¢3 e 1%2
VEIGNTED 285 1e3 A28 241 1% 532 sae 291 292 176 -
VEIGHTED €20 26 YY) 16 Y] 153
NOCE AOs =11 TOTAL LINKS [
¢ XeYel COORODINATE LK €¢eo o€
LINKES TO 51 29 Y3 -3¢ .20 -a0
EXPOSUSE 136 201 27 366 123 21
MEIGMTED 37 ace s8¢ 367 66 (113
. NCDE NCo %1 TCTAL LIAKS ’
XoeVel CCORDINRTE Tee 4Py 300
LINKES TO L1 (Y 57 .43 -0 -36 -3¢
Crecsung HY) 162 197 LT3 e 201 13¢
EI6rTEO z78 326 19¢ 666 30 &0z 27¢c




——

Table A.6. (cont'd.)

NCDE ~C, €7 TOTAL LINxS 9
XeYeZ COORCINATE 2 €le 30O
LINKED YO s9 [1] L1
EXPCSURE 279 204 2%%
MTIGHTED see 2et soe
NODE NCe €7 TOTAL LIAKS 9
XeYe2 CCCRLUINATE 554 9%e  30C
LINKED TC T¢ 65 &9
EXPOSLRE 13 2€4 25¢
WEIGHTED 134 57¢ S1a
NODE NCeo 76 TOTAL LINKS 7T
Xe¥Ye2 COORDINATE €6e¢ 106¢ 320
LINKED 10 7% ce (1)
EXPCSURE 296 22e 197
WEIGNTEL LA 1} 2250 39%
NODE NOo =72 TOTAL LINKS 6
XeV¥e2Z CCORUINATE €5+ 116s 330
LINKED TG 17 ar g€
EXPOSURE 3ce 307 61
WEIGHTED 3070 €16 724
NODE NCe =78 TOTAL LINKS 7
XoYe2 COORDINATE Tl 127e 23
LINKEC TO 94 S1 es
EXPOSLRE e 29¢ 192
SEIGHTED £30 se2 386
MGOE NCe =S0 TOTSL LINKS L}
XeYe2Z CCORCINATE 77e 136¢ 310
LINKED TO 91 es ~89
EXPCSURE 101 159 bLH]
VEIGHTED 604 3z0 n:

NODE NO. " #9 TOTAL LINKS €
XeVe2 CCORCIAATE Sle 2%s 300

LINKEC TO S1 S5 ac
EYPLSURE 01 11a 2cs
NIIGPFTED (3.1 270 2169
NCOE NO. 59 TOTAL LIANxS 2
XoVoZ CCOPCINATE ey 143s 300
LINKED TC 9t -8¢

EXPOSURE 30 a5e

WEIGHTEC &0s 49%C

NCOE NCe. S1 TOTAL LIAKS 2
XeYel COOADINATE 86e 1294 30¢
LINMKEC 1O Ga -7%

EXPCSURE 282 258

SEIGRTEC c66 598

NCDE NCo G4 TOTAL LIAXS :
ReYel CCORDINRTE 75¢ 13%e¢ 3iC
LINKED TO i0s =&t -ET
EXPOSURE 62 179 1Is
WEIGHTEC 128 €0 66¢C

NCCE NCe 1064 TOTAL LINKS H
Ae¥Yel2 COORCINATE 63¢ 147, 218

LIKKEC T2 102 -f9
EXPCSURE 0 3¢€2
VEIGHTED 2 72¢

NODE NCo 102 TOTAL LIAXKS .
NeVYe2 CCORDINATE €3¢ 186 20C

LINKEC YO 108 ] -85
EXPCSURE 0 385 19%
WEIGHTED 2 692 le2

64
20s
37C

68
257
516

-65
385
692

-5
362
726

-7%
383
728

-eo
343
688

-81
183
36eC

-89
268
536

67
191
192

7%
200
602

-63
214
63¢C

-80
3s%s
720

-56
310
313

L1
213
.2e

-74
310
622

-78
260
26l

-50
280
2e1

-8
293
See

-53
3¢
676

-S€
310
622

-73
301
o2

-43
261
S24

-6%
336
335

-840
237
23¢

-63
33
6890
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Table A.6.(cont'd.) %

NODE NC. 100 TOTAL LINKS 7

Xe¥e2 CCCODINXTE 12y 144y 300

LINKED TO 9% 58 93 -86 -8e -83 -8:

EXPCSURE 101 51 3 230 z8 2e4 25t

WEIGHTEC 206 108 14 462 268 288 508

NODE KG.  S3 TOTAL LIAKS ]

Xe¥o2 COORCINATE 234 135, 300

LINKED TO . ss 97 86 8s 84 -15 -9

EXPOSURE 1990 53 7 20 17 0 297 133

WEIGHTEC 101 168 16 .2 36 2 29¢ 2¢8

NCCE NC. 84 TOTAL LINKS 1

KeV¥e2 CCORCINATE 164 1204 200

LIMKED TO 8t 86 21 -1 .75 -68 -8

EXPCSURE 102 <8 €2 213 21€ 186 177

VEIGFTED 161 116 106 Y 217 17a 35¢

NOCE NCs 85 TOTAL LINKS 7

Xe¥eZ CCCRCINATE  1€s 1224 200

LINKED TO ae €1 97 -79 -71 -¢8 -ge

EXFCSURE 130 €6 1t 234 -] 108 1

wSIGRTEL ie2 11e L 23s “tE 1vg 3te

NCCE MCe 97 TCTEL LINKS 1

Xe¥eZ CCLOTINETE 16y 137y 23D

LINGED T2 26 -:e =79

ENPISURE 130 - 227 186

WEIGHTED 262 ase 37a

NODE N0e 86 TOTAL LIAKS .

Xo¥eZ CCCRCINATE 11, 127, 3CO

LINKED TC 81 LT ] -8e -71

EXPOSURE s 0 211 193

WEIGHTEC 182 1 SSE ses

NODE NC. 99 TOTAL LINKS 11

NeVel CCOARCINATE 2%, 161, 203 !

LINKED TO 3 -3 -83 -84 -91 -88 -80 -22 .12 -n i

LINKES TC -Te

EXPOSURE 22 206 2e¢ 17¢ asc 247 226 268 262 22% ;

EXPOSURE 219 ‘

VEIGHTED Y 267 S62 352 .62 .96 asg 522 263 226 b

VEIGHTES XY

ACTE %Co B! TYCTEL LINKS 18

Re¥eZ CCOPTINATE Te 1174 100 !

LINKES T2 70 L1 6 pYY: -t4 -1 -79 -89 -91 ~72 #

LINKES T2 -68 -ca -52 -53 F

EXPCSURE c32 28 19 261 H 3 259 2%¢ 242 213 2e1 i

EXPOSURE 82 213 19t 182

VEIGKTEC 466 25 192 262 €2 £20 2:s 243 e28 a8e

VEIG-TEC .86 216 392 183

NOOE NO. 95 TOTAL LIAKS 1%

XeVeZ COZECINATE 22, 135, 3

LINKED TO &7 re -75 -83 -8¢ -82 -8 -38 -2 =71

LINKEC TO -74 .51 -da -68 -6t

EXPOSLRE 238 217 278 290 17¢ z81 257 133 263 238

EXPCSURE 282 2¢s 212 1 197

VEIGRTED 472 218 S6g %92 177 S6e 258 2¢8 HY .70 -

VEIGHTEC £06 612 a2¢ 340 39¢

AGLE AC. <-86 TCTAL LIAKS .

No¥eZ CCORCINATE 48, 137, 240

LINKEC TO 87 -te -83 -82

EXPOSURE 169 258 ne 11e

vEIGHTES 1e0 256 €32 630

NCOE %0s =94 TOTAL LIAXS .

ReVeZ CCOROINATE 69, 137, 382

LINKES T2 87 -£2 .83 -e9

EXPOSURE 212 3% 302 16¢

VEIGHTED 26 7ce 60¢ 187

RCOE %€, <~69 TOTLL LIAKS 2

NoYe2 CCOACINATE €44 11ee 130

LINKES T2 07 -£0 .

EXPCSLAE 169 283 :

wELGHTCE Ta0 ses ]
- d
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Table A.6. (cont'd.) y
i NCOE ACe 87 TOTAL LINKS 16 d
Ne¥el COORDINATE 874 1284 330 i
LINKEC TO 7¢ 77 7¢ 1 -82 -80 .74 -83 -7% -65
LINKED YO -72 -3 -79 ) :
EXPCSURE 276 2¢Y 207 23 3%y LR ] 330 319 203 285
ExPCSURE 2¢%1 217 2% 262
¥EIGRTED 5Se 2520 496 2350 T08e 678 662 §e0 608 290
VEIGHTED 504 F113 $10 526
E NODE NO. =€S TOTAL LINKS 8 :
1 Xe¥e2 COONCINATE  61e¢ 12%¢ 320 ‘
3 LINKEC T0 te 70 .62 -7 - ) :
EXPCSURE 31e ace 318 313 202 i
VEIGHTED 2150 610 638 628 ace .
NOOE %C. ~-%6 TCTAL LINKS H M
¥3Ye2 COOSDINATE  &7¢ S04 310 :
LINKES TO £ =g -63 -53 -6e . *
EXPCSURE 29z 248 273 282 24¢ :
JEIGHTED s8¢ s18 27a 506 09
NODE A\Do =63 TOTAL LInxS s
XeYeZ COORCINATE  a74 10e, 330
LIKKED YO 7 €S -74 -64 -1; :
K EXPCSLRE ste 299 218 25¢ 244 ¥
= VEIGHMTED 638 30 27 512 99
NODE \Ce =Te& TCTAL LIANS . ¢
NeYe2 CCCACINATE  #5¢ L16s 340 §
LINKED TQ e -52 -72 -e3 H
. i EXPCSLPE 269 10¢ 201 239 &
3 3 JEIGHTED Sal 309 1) 080 X
; NODE AD. =22 TOTAL LINKS 15 F
i Xo¥e2 COORDINATE  8&¢ 129, I%¢ :
; LINKED TO 75 77 -83 -8¢ 7% -19 -71 -64 -7t -9 ‘
§ EXPCSUAE 75 21 382 30t 10e 279 268 217 in: 230 4
; wElGnTED €60 238 11 612 €1E s60Q 532 55¢ 46 a2 ;
: \COE WE. -2® TCTAL LINKS 8 !
; Xe¥o2Z CCIRCINGTE 22, SO, 22¢ )
' LVINKED TC " 11} -Se -6e -7 -6 .52 .52 1
; ExPCSUAE 208 262 32 343 202 240 16t 203 g
: WEIGMTEL a9 ¥ 62 360 HD 490 see 53
i
NCOE KCo =71 TOTAL LIAKS 1S i
Xe¥eZ CCORIINATE 254 117y %0 i
: LINKED 13 79 'y ¢ .S 11 -72 -4 -19 -68 ~23 1
] LINKES YO =54 -53 -te -%2 -91 R
EIPOSURE m 248 220 226 188 109 3% ars 2e% 263 {
(1T {" 13 237 219 21¢ 262 181 H
! wEIGHTED tee 208 ese ase te¢ 620 6le 27 X H 260 ¢
i wELGRTED .76 280 (Y1} Y1 HY)
- ¢
{ N3CL N3e =93 TCYAL LIACS -
! ReVeZ CCCACINZIE 33, 34 1330 ;
i LINKED 10 6o 6 s ~e3
i ErPOSURE 3e3 17e 192 150 :
B WEIGMTED c0p vep se¢ 102 ;
- RSOE AC, =68 TETAL LIAKS .
! RNeVeZ CCISDINATE %20 Tes 210
LIAKEC TS 28 (1Y LYY .54
EXPOSURL HY 18¢ 21 222 .
NEJGMTED L bR 1) (313 ass

S0C ACe e TOTAL LIRS .
XoVol CCCRCINATE iSe e, 300

LINKEC TC 56 -34 LYY -38 )
EaPOSURE 199 234 233 138
wEIGRTEC 200 470 508 278

NOOE NC. %6 TOTAL LIMKS M
RoeVol COCRDINATE 200 77, 210
LINKED TO 6 EL1) =¢a
Carosunt 233 223 220
VELGHTED 36 L1Y ] LY}
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Table A.6. (cont'd.) i
: NOCE NCe g4 YOTAL LIANKS . %
‘ Xe¥e2 COORCINAYE 30y 914 330 9
. LINKELD TO 65 7% -5e .64 k
: IXPOSURE HY 218 322 348 i
WEIGATED €22 219 seg tae w
) NCDE NCe 75 TCTAL LINKS 3 )
Ae¥ol TOONDINATE  #3, 1Cke 330 4
LINKEE TO 1] Y -12 -
EXPCSURE a2y L3T) 240
WEIGPFTED LYY [3.1) .9:
° NODE ANCe =72 TOTAL LIAKS £ E
NeV¥e2 COQECINSTE IS5, 11%s 13S0 M
LINKEC TO 6c 12 “ge -15 -233 -¢8 -5 .52 £
EAPCSLAE 228 2e% LY 312 e ze8 268 20% %
wilGHTED i29 Y1 'TH €26 12t “92> X7 .12 -
3 NCDE ACe 65 TOTAL LIN«S 2 A
Xe¥e2 COORCINATE a4, 3% Y10
LINKED To L1} -t4
EXPOSUPE 289 246 -
sEIGNTEL 560 (X1} H
AOCE ACe =64 10TAL LIMKS L .
XeYol CCCRCINATE  17¢ 104y 159 ?
LiNair Te 10 (1] -5 YY) -19 -£3 -52 -4 -84 L
ExPCSLAL 2%0 2608 28¢ 257 274 213 2217 196 177
SLIGHTED 502 .sp 874 S16 21% 27 456 356 3se
NOCE 0o =03 TOTAL LINKS 20
XeYe2 CGORDINATE 614 13Cy 3%¢ X
LINvET TO 77 €F % 10 s¢ A3} s 101 19 72
LIN®EL TO €0 €2 82 -1¢ -0 -9a -7¢ -8 ~68 -51
LINKEE Y0 88 -52 =60 ETY -e1 -42 49 -39
EXPCSURE 213 266 216 269 3 2mn 258 97 206 201
LYPCIUNE 1860 183 167 206 301 157 29? 237 226 27
CXPCYVAE 232 204 206 184 226 1%8 100 167
WEIGRTYED 2780 2670 430 540 23 2720 498 %% 2050 2024
vLierTED 1650 1840 1680 7 €08 316 588 (373 ase .56
WEIGHTED ) a10 207 30 S8 318 1890 1680
“COE ACe 101 TOTAL LIAKS [
¥e¥eZ CCOPDINATE  S6y 165+ 3CO
LINRED TO £Y) an (1) -89 -81 -93 -8 -8
E*POSURE e 21 259 L 1Y 3¢ 306 222 286
4EIGHTED j0Tg 2770 2600 590 3770 307 seg S7e
*OLE ACo =93 TOTAL LIAXKS .
XeVel CIOADINATE 115, 144e 330
LINYEC TO 30 -85 -87 ~81
EYPOSURE 198 2%% 32e 21c
#L1GrTLD 15%2 L3 ¥ 325 .22
KCLE WCo =07 TOTAL LINKS 1
RoVel CCORDINATE 127, 1374 380
LinxgDd 1O 96 (1] (1] 92 .76 =77
€XPOSUAE 139 52 182 n 230 209
vEIGNTLD 340 126%00 91500 17208 69300 21000
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) Table A.7. Case 5 - Node Linkage for Route ;
a
: FROM EASTING NORTHING 10 PEANALTY  EASTING NORTHING :
: 3 1g2¢ 7280 9 1 4870 7630 !
9 4870 Telt 13 1 4650 8470 z
3 13 “8S0 eaTe 7 &g 5290 7¢30
? €25¢C 7630 -2 aC 4240 7280 :
-2 240 72¢80 11 202 4100 7980 ;
1 «103 7580 31 17 2560 SETO
n 2560 5470 37 H 2470 10640
i 17 a7 10640 32 17 4240 10060
12 €240 10060 16 sz 5290 10640 v
] ‘e «zg¢ 12660 35 160 4730 1Ce30 i
3 s 473¢ 10420 “t L) €500 11270 S
¥ segp 11270 16 10¢ 31 10710 :
g 6345 10710 33 3¢ 5€00 101590 :
3 13 sEC¢ 10150 -21 13 £C10 91¢C0
-21 sc1e S1C0 12 14 %430 8150
12 &a3C €190 22 38 5570 9170 4
22 tere €170 26 93 1e1C 5660 ¥
3 H ] 261G S660 19 €0 100 9100 i
15 4100 s1c0 -23 12 320 5240
-23 312¢ 9240 23 2 «170 azan
23 417¢ 9240 42 3e 2580 11060
42 298¢ 110¢C 14 6 <280 10360
e 2zet 102¢0 €6 3 ze3¢ 12320
3 ze3t 12320 50 ze 3260 11550
8¢ rZel 11550 57 11¢ 3690 12390
=7 3650 12250 -62 z H Y] 13090
-e2 284C 12090 70 1€¢ 2210 14000
72 221t 14000 €2 BE 60 16510
£z 2zeg 14510 -7¢ 21 2510 144290
-74 2s1¢ 14620 -71 452 2700 13720
-71 27¢6 1372¢ -52 €2 A680 11830
-£2 466¢ 11820 .5 £z 5350 11270
«5 s18¢ 11270 65 i1 7180 11230
65 T1EC 11230 n 2¢ 6020 18160
i3 &c2¢ 14140 79 €« €790 14560
19 er19¢c 145¢90 €1 1e¢ 9560 14770
3
F
j
3
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Table A.8.

Case 5 - Node Linkage

NECE NC. 3 TOTAL LINKS S
XeYe2 CCORDINATE 2% &y 350

LINKED TO 1 [ 9 -2 -1
fYFOTURE 19 140 0 148 206
Wi IGHTLD 152 298 1 189 3
NOZE ACe 9 TOTAL LINKS s

Xe¥e? CODRDINATE 81 Sy 290

LINKLD TO ) 12 1 13 -2
EXPCSURE 187 8 65 ° 137
uf 16HYED 100 152 132 1 276
NODE KO. 13 TOTAL LINKS 6

XeVe! CCORCINATE 2%+ 21y 290

LINKEE TO 11 19 23 12 1
€xPCSURE 12¢ 79 87 5) 24
WEIGHTED ¢ °0 an 38 50
NCDE 0. 7 101AL LIAKS .

Xe¥el COORDINATE  4T¢ 9, 300

LINKEC 10 12 -10 -2 -12
£YPCSURE 100 230 19 210
wE16FVED 202 235 00 219

NCCE MCo =2 TOTAL LIAXS ?

XeYe2 COORDINATE 324 ay 310

LIsKEC TO 11 -1

£YPCELPE 100 1%

VEIGHTEC 202 274

NILE %Co 11

TOTAL LINKS 21

XeVel CCORDINATF 30, 169 300

LINREDC TO 19 23 8 12 18
LINKED TO -1 -21 -23 =26 -3
Lisxgc 70 -2?

EYFCSURL t 2] 9 18% H e
EXPOSURE 199 134 b2 278 W9
LYPOSURE FLL)

wriGnYEo 180 198 372 93 "%
vEICHILD 92 27¢ 9 3% .29
wEIGNTED «90

NOOE N0 31 10TaL LIRS €

AeVel CIORCINATE e ale OO

LINKES TO 3a 18 23 3 =24
EXP{SJURT 82 £e 1 ¢ 2%
vE1GPTEC 1ot 1e 20 2 a2
NIDE KO, 37 YOTAL Li%sS ?

ReVel CTCRCINATE il £2e l6C

LINKED TC .2 ‘0 32 28 -l
EXPCSURE 102 0 le e éss
VEIGMTELD 202 LX ] 3 S8 c12
wCPE Co 32 TOTAL LINSS e

YeVeZl COCFCINRTE e ta, 190

LINREE TQ 1 H 23 19 3¢
€¥PCSLRE 11¢ s2 79 39 2%
wi1GrTED 223 156 122 89 52

N00E N2, ¢

XeVol COO0OTIN:

LINKES TC
LINNED TC
EXPOSLRE
EXPCSURE
wEIGrTEC
wEIGHTES

NOCE K0 "

ToTAL LINKS 12
1€ A, 52+ 208

h3 1% L .6 &
-27 -26
1%2 es 160 11e 101
25¢ N

31e 18 322 238 1824
02 sge

XeVe2 CECACINLYE L “cy 300

LINgEC TS
ERPOSUNE
wEIGHTEL

st rCe .

TOTAL LIARS M

33 LT as -4l ~2¢&
111 123 2¢ 268 308
112 268 < 314 &30

1074t LINRS g

NeV¥eld CCCPUINSITE 53¢ [ RTINS F 11

LISKES T¢C
EvPOSURE
wfIGNTED

L3 LR 4 3¢ ~e3 ~22
10¢ 13¢ 1Ce 168 1e1
202 170 tce 18e2 142¢

-2
1986
314

28
-18

1]
a7

S
.36

.23

el

-8}
182
3¢6

LR
166

1£7¢

-ad
223
(LY ]

30
122
123

22
=-1¢

103
236

206
238

-ap

193¢

Y
294
L3 13

=27
2se
233

-3
108
22¢

32
=12

39
260

a9
20

-at
208
. e

201

[ L]

-a}
11
3%

3
.24

1¢
145

17
a2

-32
184
3t
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Table A.8. (cont'd.)

ALCE MNCe I8 TOTAL LIANKS L

WeVYoZ2 C(CORCINATE €2 53¢ 340

LINKELD TO a7 ) 27 -39 -32 -4} -37 -27

EYPOSLRE 108 1? 245 232 F32] 200 3ac 237

w:16HTED 392 Te 54 'Y™s Seu 602 321 are

K2CE NC. 33 TOTAL LINKS 8

XeYe2 CCORDINATE S0 45, 330

LINKIC 10 2? -27 -32 -26 -39 =21 43 -4

ErPCSUAL .9 7 291 287 18¢ 27 16€ 167

wEIGHTED 100 £76 292 &7 176 €6 300 3%¢

A7CE %Ce =21 TOVAL LIANKS [

xe¥9s2 COQROINATL 43, 10e 320

Litwge TC 22 23 19 12 -26 -27

FvOFQRE Y] AR 19 1t RL ] 2390

WEJERIEL ‘56 e L 34 662 502

ATLE %Ce 12 TCYaL LINaS .

YeYel2l CCORDINATYE 49, 17« 300

LIn=<CO TO 22 -12 =137 -20

EYENSURE 1R s 30. 2217

we¢1GHTED hE AR L) 308 AS¢

RS S S o 22 TOTAL LIAKS 23

MeYe2 LOORLINATE 51 31 30

LINKED TO 27 15 23 19 2¢ 45 2 L] =27 =20

LItsE? TQ -2¢ -12 =32 -0 =35 -8 1€ =28 -317 -3

Lirwegr 73 el “69 -36

ErPCLUcE 07 ‘e Te Se . 136 ¢ 69 340 AFaJ

[ L s VLN 3 31 29¢ 301 FRL] 208 253 261 218 285 191

Exe e 1R9 174 2¢2

wEICHMTED iea 2¢8 1¢¢ 11c 950 210 156 140 682 328

wEIGMTELC €3) 5¢¢ 6 5%5¢ 41€ 508 262 276 2900 38

wEIGHTEC 169 175 2610

ACCE NG, 28 TCTAL LIwXS L]

ReYol COOR[INATE FAN) 36« 300

LikeEr 1o 23 19 1A -23

LreCsuki 12% t9 9e 19¢

WEIGHTED 126 60 192 392

ANCDE MCe 15 YCTAL LINKS .

Ye¥e2 CCORDINZYE 30 30s 290

LINKED 70 23 -2¢ &3 =13 ;

ErPCSLAEL 1¢¢ 2¢0 3c 1la k

WEIGRTED 202 5¢2 12 ac I

4

LT ACe =23 TCTAL LaMXS H ¥

XeYoeZ COORCINATE 164 32+ 10

LisegEl 10 ie 23 26 -1 18

CYPrsLkeE ‘18 ? 1%e X3 187

wEIGFT1EC LY 3 310 136 3¢

LTZE %0 23 TCTAL LIaxg 22

¥eYol CCOIROIMNATE 31 32 300

LINNET TO 18 [ .2 s L1} o7 -2¢ -13 27 -0

LIARED YO =01 -qs -2cC =it -1 -32 =12 -1 -9 -3

Liners Te 02 -4t E

EXPTSURE @7 17 31 32 16 166 p3.14 113 254 216

EYPCSUKE 219 178 22 228 13 64 248 285 179 169

EYOOSLEE 166 1¢9

v 16rTEC 196 Ite 3o (1] 18 1670 662 228 29?7 43¢

415 TED a8 tag 23 acg L S0 24% ELDY 3¢0 pY.11

WEIGKTELD PR 1700

NZ0E T 02 TOTAL LINKS ?

XeYel CCORCINATE 18, S8¢  3CO

Lisk€™ 10 52 e 34 -02 -at Y] YY)

Ceplr Sy 120 R 3 193 122 168 S€E

of lGPTEL 2 7 64 308 2¢¢ e 168

ANCE %< 38 TOTAL LIAKS 12

¥eYel CCCRUINMTE L} Aty 300

LihvnEl T e2 18 LT L1 87 LI -4 26 -18 -4

LIvetl 70 -ep -13

CazosUNE f1 9 se LR S¢ 198 182 207 238 20%

Exe Surt 122 €2

MEIGNTEC 126 160 11e &A 118 109 103 a6 .78 s12

L 1 LAT SN L] id6

WICE NCo - 56 TOTAL LIMKS L]

BeTel COCRLINATE Se Tée 300

LINKET T0 tH ) “62 -43 -t

€apcsutt 100 H ] 160 1l .

YLIGHTED 202 L 322 23¢ 190
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Table A.8. (cont'd.)
ANCCE NC. =0 TOTAL LIAKS L}
XKeYe2Z CCORCINATE 18 €5¢ 300
LINRED YO 52 57 -ap -8
E¥PGSURE 100 £8 151 192
wb1CHTED c02 118 30 183
MNCOE NCo €7 TOTAL LINKS [
NXeYe2 CCOPDINATE 27, 71 230
LINKEL TO 60 -59 -4f -52 =64 -62
EVPCSURE 101 100 5 (7] 208 0
wiIGnICO 206 202 182 .9 2100 2
RGCE ACe <62 TOTAL LIAKS 3
evel COORCINATE 124 87y ISC
LINaEC TO 10 71 %9
ErPOCURE 82 219 165
wf1GrTED 166 2r0 332
NCOE NCe 70 TCTAL LINKS 3
Xe¥Ye2 CCORDINATE 3¢ 100 330
LINKES TO ¥4 -1 -T¢
EXPCSUFE aY 2719 175
wil16r1EC ae 96¢ 1760
NCCE ACo 82 TOTL LIAKS 6
XeYol COQFKCINATE 8¢ 113 330
LILKEC TO 95 £6 9¢ -76 -78 -T4
EXPOSURE 142 145 9¢C 2% 192 219
WEIGMTED cle 14¢0 91¢ F2 14 193¢0 2200
ACOE NCe =76 TOTAL LIAKS .
XeYel CCOPDINATE 13+ 106e¢ 340
LIKRES YO 1] -78 LRE) -71
CrPOSURE k1] 262 27% 245
SEIGHTED ﬁ’o 24390 2000 492
ACCE PCe 71 TOTAL LIAKS 13
NeYel CCORDINATE 10 9, 3S0
LINCEL TO 1% (L] 2 12 60 -7s -7 -%59 -6¢ -7
LIN®EC TO -719 -ap «52
ExPOSURL 199 200 L 167 102 253 231 149 <23 38S
EY20SUPE 152 75 61
#E1CHTED 2c0¢e 20148 (14 1683 1020 2560 2320 150 LY 20e0
wEIG+TEC 1530 T¢ [34
820C *Ce =52 TOVAL LIMKS L]
Ye¥e2 CCORCINATE 28 69¢ 1350
LIsxfl TC L3 60 59 =48 -8 -q0
EreCeLFE a1 126 177 147 18 138
WIIGMTED €2 e 178¢ 29¢ e 28
NCCE e 45 TCTAL LI%KS {4
%eY¥e2 CCCRDINATE 45 6ly 303
LIswEC 70 .7 S &C 27 (3] -4 -5 -4y -¢) -9
LINYET YO -4 g -2 -2t -27 -5 -37 -&0 -68 -6l -%9
E2PCSUSE 108 21 122 211 < 211 12% 191 i8¢0 183
€rPCSuUPE 11¢ <62 226 233 31 250 321 22% m (3
SEIGHTEC 1289 2149 26¢ 212 10 426 130¢C 1920 318 1384
wel61£0 P31 ] 263 L339 a6E 3120 251 220 452 3120 132
NCIE WO 6% T0TAL LINKS 9
YeYol CCORLCINATE Ta, 8%y 130
LINKED TO 64 13 EA 59 13 =61 -3¢ -68 L3-1)
EYPCSUFRE 53 Lh4 19 37 137 LY} 211 329 29
wEIG~TED 5e¢ ap 2¢ 38C 138 690 2120 6€%2 2980
NOCE N0 71 YOTAL LIAKS &
YeVe2 CLCHOINSTE 86¢ 1029 3090
LIneEl 10 ec 73 18 6 ¢S -¢6
EXenSLIE 100 €7 [ 4] 52 k23 96
wEI1GHTED 101 16 o6 33 92 %70
NODE MO 79 T0TAL LINKS 134
Xe¥e2 CCORCINATE $7¢ 168y 300
LInnEc 70 8l 67 rr 80 123 53 ¢ -02 ~69 -0
EXPCSURE 189 Te 180 91 368 276 0 360 9e 263
wEIGHTED 190 22900 14100 66600 103PCO0 27700 300 903 6750C 122000
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Case 6 - Area 2, Route 2, Sensor Set 1.
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Table A.9.

Case 6 - Node Linkage for Route

EASTING NCRTRING

277¢
le6ll
alge
4240
€290
473¢
550¢
6368
£S00
€010
5430
(Y314
417
298¢
228¢
207¢
2630
32610
W 7¢
256¢
2SEC
«B7L
41CC
312¢
024
s29:2
31¢€)
c2€C
319¢
286
27170
1852
Fi11]
z221¢
2%6¢
2%1¢
27080
sEED
5158
7180
eczl
€790
L1139
102€0
€260
98eC
16890
1268C
1155¢C
1c61¢C

10500
9660
9100

10080

10640

10430

11279

10710

101%¢
51¢¢8
£19¢C
B&70
€240

11060

102¢0

11810

12320

115%¢

10640
cet¢
5030
7630
719¢&¢
G260
7280
1638
gagl
G2eC
7268
7630

11760

12390

13¢9¢0

140C0

14510

10620

13720

1183¢C

11270

1323¢

14180

145¢0

13210

12¢70

13720

12e€0

13860

126160

138¢€0

14420

T0

28
19
31
36
LL
46
38
32
-21
13
12
22
42
33
-8
56
50
37
30
1%
9
10
-23
-2
1
~13
24
-1
&
€2
57
~62
70
81
-T6
-73
~52
.5
€5
73
19
66
€1
67
-58
69
62
e8
T¢
84

PENALTY CASTING
1 3610
1 4100
66 4260
1°f €290
180 '3
Sa €500
105 6340
it 2500
se 5010
T4 €430
10 “«6e50
13 4170
€1 2588
Q) 2280
SS 2070
2 2630
29 3260
“6 3470
FJ 2560

< 2580

M «870

2 4100
£7 3120
52 “z40
1 €290
36 3190
21¢e 2280
118 3190
2c2 28aC
.6 2770
15¢ 3290
P 2840
16¢ 2210
88 29560
238 291¢
4G 2708
. 4¢68
ez &15¢C
10 7180
22 glat
€o 679¢
b 9840

L J 1226C
i 5260

e 9640
$1 1CE90
¢ 16680
5¢ 13159¢
L2} 19610
266 10960

o e e
A

NORTHING

5660
9100
10080
10680
10e30
11270
10710
10150
9100
81s0
gav0
9249
11060
10360
11410
12220
11550
10640
9870
5030
7630
7980
5240
1280
7€38
8400
€240
7288
7630
11760
12390
11090
j1ag00
14510
14420
13720
11830
11270
13230
18140
14560
13810
12¢70
13720
12880
138690
12810
13¢60
14420
16580
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Table A.10.

NOCE NC. 15 TOTAL LINKS

Xs¥e2 COORTINATE

LInkED YO 33
EXPCSURE 100
BEIGHTED 202

NACE NG 28 TOTAL LIAXS

XeYoZ COORCINATE

LIsvET TC 22
E£YPOSURE 134
WE1GwTEC 138

NACE ACe 19 10T4L LINKS

YeYel CCORDINATE

LINKEC 10 .22
EfPCSUFI 114
WETCH-TED 236

NCZE NDS 31 TOTAL LINKS

XeYe2 CCORDINATE

LINKEC TO 3
EnFPOSURE 100
wF16~TEC 202

NIZE MO, 36 TOTAL LIMKS

HeVeoi “COPLINATE

LIN®ED 10 2
LisneEl TC =27
ErePlsuet 158
EsP° SURE 259
wCIOFTED e
wE1G~TED €02

MOTE NCo 34 TCTAL LINKS

XeYoZ CGORCINATE:

LINKED TO 32
EXPOSUREL 111
WETGMTEL 112

NOJE N0, a€ TOTAL LINKS

Xe¥e2 CCCFCINATE

LIMKED T3 .t
EXBCSURE 13¢
VEIGMTEC e2

NCCE A 36 TOTaL LIwKS

XeYeZ CCORTZINTE

LINCED 1O a7
EXPCSURE 15¢%
VEIGHTED 192

NCCE WCe 32 TOTRL LIwxS

Ne¥eZ CCORCTIANRTE

LINREC TS 21
ExPISURE 43
MEIGRTED 100

NOCE &Q. =21 TOTaL LIn«s

MeVol COJGZINATE

LINCET T2 F3
E¥POSLRE 1%€
WEIGHTEC 158

NOCE nC. 11 TCTaL LINKS

XeVe2 CCCATINTE
LIMKED TO

EXPCSURE Tt
MEIGrTED 3

NCCE NO. 12 TOTAL LIAxS
3%,
H]
<t
L1 ]

Me¥el CCCACINATE

LIwxEe TC 16
EXPCSURE 115
wEIGmTED <3e

11
“2
e6

174

€.
19
76
17

10
12
.3
s

32
22
€2

126

47,
MY
-26
£9
2
1e0
aca

35
s5
123
24e

8l

L3 1)
12
17
36

£Ce
z?
57
8§76

L3N}

LA )

s
<t
its

[
S0s 200
30
17
156

?

38y 3OC
31
121
266

7
30e 290
31
3¢
(1]

4% 100

52¢ 300

49¢ 300

sl

$3y  lap

a3, 130
-32
291
292

6
30, 320
2:e
45
98

7
17 30D
21
7¢
154
g

21e 2850
5
7¢
142

R4
69
140

15
137
276

=26
260
522

35
18

(13
118

238

-ai
268
538

-8t
143
18839

=36
232
AG5

.t
287
576

Case 6 - Node Linkage

50

10

37
66
134

=21
85
90

-2¢
308
308

181

182¢0

=26
306
610

-£3
141
1420

-32
FRAY
546

-5
19¢
37

i€
30
LY T

-12
27¢
e??

-10
t6¢
267

30
a7
96

=23
8
98

-4
20e
410

a

166

1670

Y
223
aag

-5
122
123

-4y
260
“02

I
o .0

=27
2%0
sc2

~10
270
el

~4Z
1¢1
284

=23
195
392

-1t
.9
100

-8}
267
416

-27
25e
23%

-%2
168
220

Yy
185
390

-2°
2:¢
LY X

a5
103
208

=21
59

201

[X'1)

-e1
17
350

-27
237
ave

-a
1¢7
33

205

42

=12
15
310

160

1810

AR S

S
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Table A.10. (cont'd.)

NCOE NCo 22 TOTAL LINKS 3
XeVel2 COORJINATE 3 3ze 200
LINKED TO 18 10 21
.8 .7 26
LINKED TO -20 ~18 -1
EXPCSURE 110 §1 13e
EXPCSURE 112 149 330
EXPOSLRE a7 228 138
NEIGNTED 22 1€¢ 135
MIIGHTED é26 17¢0 662
wilGnTED L) ase 27e
NEOE KCo 42 TCTAL LINKS e
Xe¥s2Z CCCSCIANATE 140 €3¢ 300
LINKED TO SC 37 82
EXPCSURE 10 &7 73
WEICHTES 202 €8 78
NCDE KC. 3 TOTAL LINKS 3
Xe¥el2 CCORCINZTE L) 4y 300
LINKEC TO 3¢ -42 YY)
EXPCSURE 1co 1% 95
WEIGHTEC 101 155 99
NCDE KCe =4% TOTAL LIAKS 3
Xe¥el CCCRCINATE 1e &3¢ 350
LINKEC TC $2 <6 -4 g
EXPOSURE 3¢ & 194
WELGRTECD Ta 2 398
NCCE NO. %6 TOTAL LINKS .
XeYo2 CCORCINATE Se Tes 200
LINKEC YO kY3 tc -62
EXPCSURE 103 8 160
WEIGHTEC 202 29 3z2
NCCE MO $C TOTAL LIskS S
Xe¥eZ COOCATINTE 18 €Ses 300
LIKKECD TO €2 7 97
EXPOSUKRE pa 22 sg
WEIGHTEC 202 .6 118
NOCE *Ce 27 TCTAL LIAKS .
Xe¥o2 JCCRIINRTE 21 e 32
LINKED T9 LK -4 -4l
£ .o28uRe 2 e 19%
dIIGMTED 2 S 192
SCCE ACe 36 TOTAL LIAGS 3
Ne¥e2 CTLRCIMATE Ee sle 100
LIRKES TO 15 =26 -23
CaPOSLRE e 284 3¢
UL CLA 3 2 es¢ 33

N2QE AD. 18 TOTLL LN« 1e
ReVel2 COTATINATE 1e, e 213

LINKED TS e 12 9
LINRED TS -2 -2 =40
E¥OCSLAE 159 s [
€rPCSUAE ag 106 176
«EIGrRTEL 22 &¢ 7
3 (13 1] L 1] 11c 3%s
NC0E NCo 9 TOTAL LINKS 3
Ne¥eZ COCADINATE .l e 290
LINKED TC 7 1¢ -2
EYFOSUPE 102 14 123
wEISRTES 10} 2 242
ACCE NCo 16 TCT2L LiN«S 1e
Ne¥el CCOMCINATE 30 149 300
Lineil 19 ? 8 21
LIATED TQ 16 -12 26
CyPoSLFE 68 1€0 ar
Cap2cyteE 231 20 18
WEIGMTED 69 20 17¢
W 1GHTEC 232 L] 272

NCOE %2+ 23 TOTAL LIAKS 12
Fe¥eZ COORDINATE 16 320 31C

LinngED 19 6 L}) 24
LIARED TO =41 -2
EvPOSUNE 150 72 220
€¥POSUAE 199 20
wtiGntld 02 102 a2

wEI1GrTED L1 1) 62

37
=22
=32

e
1n°
2617

75
236
936

2
-

31
(1]

=55
98
198

-a8
1<1
306

~a3
11
222

-2!
-l
132
173
266
182

-2
-2¢
119
237
260
2y

-13
126
250

-1
12

248

-2
182
oe

130

H

~13
-27
121
238
294
480

994

L]
-27
=10

S2
297
240
106
56
241

45
132
266

.24
208

(3% )

=1

172

287
288

?
-42
-3s

62
21¢
182
122
43¢
Jé¢

-4
188
37

221

(11

8
-43

-3
1ee
219
189
<90
(X ¥4

38

Yy
se
198

-1
123
240

42
-24
-42

S¢
iTe
}9 1]

51
154
212

-1
138

278

-3
200

402

126

3
-43
«9
e
173
100
156
1740

257

258

-18
209

420

13¢
139
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Table A.10. (cont'd.)

3 NOTE NOs -2 TOTAL LINKS 2
XeYeZ CCORDINATE 32, o 310
LINVED 10 7 -1
. ErPCSURE [ 2%
WEIGHTED 1 44
NCDE ACe 7 TOTAL LIAKS 13
XeYoZ CCORDINATE a7, 9, 300
3 . LINKEL T0 21 2 13 3 27 -10 -12 -8 -20 -26
i LINFED TO -21 -1 -13
G EXPCSURE 94 e 273 62 22 313 309 282 290 261
' EXPOSURE 266 57 i7
i wE 16HTED 190 RY 274 63 YY) 316 310 283 5g2 s26
! wEIGFTED 538 156 6
| ANCCE ANCo ~13 TOTAL LIAKS D
¥e¥eZ COOPCINATE 174 20+ 220
LINKEC TO 8 ~18 -24 -3
. €XPOSUFE 140 246 107 171
vEIGHTED 262 ace 21¢ 344
HEDE KCe =24 TOTAL LIAKS s !
, XeYe2 CCORDINATE 4y 12, a0
. LINKES TO 8 -18 -3 -42 -1 -40
E£xPCSURE 82 285 21 127 58 163
' Wt 1GKTED 166 512 a3p 128 118 328
.
AOCE NO. =1 TOTAL LINKS 2
YeYol CODACINATE 17, 4y 130
LINvE!r T ° -3
EYECSURE 186 11
wIloMIED 282 Jan
NGTE WO A TOTAL LINKS 23
MeYeZ CCORCINATE  1Q, 9. 530
Litric g 21 1t » €2 s 27 ) -3 -1e -26
LINEL TC -10 -12 -2 -2 -27 -a0 -a) -a -48 -32
LINKEL TO -39 .43 -37
£7PC SURE 102 249 L 21 % 259 16e 274 274 282
CPCLRL 252 2es 264 132 273 199 199 239 118 251
EYPCSLRE 173 169 261
VEIGRTEC 103 250 82 ae 19 260 1690 t5p 27% S66
vEI6HTLO 253 2%6 26% 133 Sas €00 400 240 238 soe
VEIGHTED 348 1700 2620

NCCE NCe 52 TOTAL LINKS 12
XeYe2 COCROINATE 11, &Ry 300

LINKED TC 57 &0 -e2 -48 -62 -a0 -59 -1 -52 -7
LihKEC TO -64 -¢7
EYPCSURE 1 51 136 118 116 - 176 107 159 e: 163
ErECSUPE z00 269
A WEIGRTED 156 184 2n0 238 230 177 216 160 168 1648
. WFIGHTED 2026 2700
NCDE WNCs %7 TOTAL LINKS 3
Xe¥eZ CCCROINATE 27y 774 330
LIVPEL 10 [ .t -0p *%2 “he =62
EXPCSUPE 101 100 1% Y] 209 (]
VEIGRTEC zeca 202 152 9 2100 2
NCGE KCe =62 TOTAL LINKS 3
NeVeZ COCROINATE 124 874 350
LINKEL TO 70 -7 -55 B
: EYPCSURE 82 279 16%
! VEIGHTED 166 260 32
NCOE NCo 70 TOVAL LIAKS 3
XeYeZ COORDINATE 3¢ 100y 330
. LINKED TC a1 -11 -76
H ExFCSLPE LR} 2719 175
E ) . VEIGRTED Y 0 JT60
|
! WrCE KCo 81 TOTAL LINKS 6
XeYeZ COORDINATE 8y 113y 330
LINKEL TO 9% 82 9 -76 -8 -T4
i L£YPOSURE 182 145 90 237 192 219
; wEIGHTED 86 1e60 LI 236 1930 2200
NOOE AOs =76 TOTAL LIAKS .
! XoVeZ COORDINATE 134 106 340
3 LINKED TO 82 -76 «7e -11
3 EXPOSURE 9¢ 262 219 208

WEIGHTED 970 2430 2000 492




Tabie A.10. (cont'd.)

LS S N -r) ICTAL LIAaS 12

LIRS A COTRCINATE 10 Ty 3
[ LY RN 7 re ¥
LtirvtD 70 ~bp -tp

frPlsunt 162 ies 12X
ExPFCSLRT L 9

WOIOHTEL 1620 1560 1:i¢
wiIGrTEL 53 LY

KTJE %WCe €2 TOTAL LINxS &
»eY9Z CCURCINATE ey €9y 'S0
LINAED Tu L3} (X L5
E¥fFOSuRE a1 1% 177
WHIGHTED eg 31c 178¢C

LCOCE AC. 45 TOTAL LINKS 21
*eYel (CORDINATE L3-2} €le 349

LINKED TO 47 g 0
LIA®ED TO -39 -48 -32
LINKED T -59

EXPCOSLRE 188 213 122
EYPOSURL 182 118 242
ErPCSURE [}

WEIGHTEC 1890 2140 24¢
WEIGHTED 184 2128 243
Wl IGHTED 132

NCDE ANC. €9 YOTEL LIAKS 9
XeYe2 CCCORCINATE T 89, 330
LiNrFEL TO 66 13y 71
E»PCSURE 53 47 15
WLIGHTED 54 ag 2C
Lo S S 71 TOTAL LINKS 3
XeYeZ (OGHDINATE (21X 102w o0
LINKED TO 80 72 "5
EYPLSURE 100 67 es
WE16RTEC 202 13¢ ae
NCCE ACe 79 TOTAL LINKS 9
XeYe2 COORDINATE 97+ 108s 300
LINKEC TO 67 17 eo
£XPOSURE T4 180 91
WEIGHTED 7% 181 184
NCPE AC. £¢ TOTAL LINKS a
Xe¥e2 CCCRCINATE 112+ 23¢ <S50
LINKELD TO 67 33 77
EXPOSLRE 717 23 16¢
WEIGNTEC 156 (-] 167
MODE NCeo €1 TOTAL LIAKS 3
AeY¥o2 CCIPOINATE 118 5le 2S0Q
LINKEC T 62 $3 S1
TaPOSURE 190 140 37

WEIGHTED 191 282 T¢e

NOOE nC. 67 TOTAL LIKKS S
KoYe2 CCCROIANATE 106¢, 96+ 250

LINKEC TO 63 77 -72
EXPOSURE [} 76 10¢C
WEIGHMTED [.L] 1 101
NOCE NO. =58 TOTAL LIAKS 6
Xe¥eZ COCROINATE 112, &4y 300
LINKED TO 63 €2 82
EXYPOSURE 15¢ 179 104
WEIGHTED 182 180 é1c
NODE NCo 69 TOTAL LINKS 7
XeVe2 CCCRCINATE 127, S6e¢ 300
LINKEC TC 16 €8 “E
ExPCSURE 180 114 15¢
VEIGHTED 18} 118 159
NODE NO. 62 TOTAL LINKS 6
XoYeZ CCCSCINETE (24, 8y IC3
LINKED TO te e LY
EXPOSURE 152 esa $:
VEIGHTED 308 178 56

L0
£

B

-48
147
298

21
=26

32
224

66
450

L3

3e0

[
32
33¢

es
345
3ag

63
116
236

-69
122
266

69
S0
91

-¢3
261
26¢

-4t
188
178

21
=21

211
233

21z
L1 ]

56
137
138

oY
91
92

52
276
et

62
103
208

-58
188
178

-3e
0
2

-12
148
145

-6%
35
L1 1)

-€%
324
32%

-7R

202

2C30

-a0
138
216

65
54

311

10
3120

-1
Jas
6990

-66
56
970

69
102
103

=51

112

=51
56
11e

=63
195
392

-5
29
60

-8
=37

211
25¢

424
251

LYY
211
212¢

-82
300
3¢l

Te
15
132

.72
15
“t

128

222 308 11¢

R46 IS 116G

-53 -43 -a0
“60 -6 -61 -
129 191 188

321 228 311

1309 1920 378
3220 452 3120

-68 ~54
325 29%
652 298¢
69 ~81
e 243
190 a8g
=72 -Sg
150 l6a
191 130
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Table A.10. (cont'd.)

MCOE NCo 68 TOTAL LINKS H]
Ae¥eZ COORCINATE 137, 98+ 300

LINKED TO 78 16 =-6% =13
TXPOSURE 223 40 3ep 319
SEIGMTED 22¢ L3} 69 640

RODE NO. 76 VOTAL LIANKS M
XeVe2 CCORCINAYE 122+ 1lC6s 300

LINKED TO .1 kAl 8 -72
EXPOSURE PL] 119 173 [ 3
wEIGNTED 246 60000 52200 45000

87C00 111%00

e

P 2 ¢ 2

b

B B OR Ao TP TS, w4 B
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Case 7, Area 2, Route 1, Sensor Set 2.
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Table A.11. Case 7 - Node Linkage for Route

: FRCM  EASTING NORTFING T0  PEAALTY  EASTING AORTHING /
3 3820 1280 ) 2 “e70 7630
9 .70 7630 1 1 aeso (131
13 s 8e 70 7 50 €290 7630 &
1 5290 7630 -2 40 a240 7200 3
) -2 a240 1200 11 101 «100 7580 1
11 €100 7980 3 17 2560 9870
3t 2560 $870 37 ) 3470 10640
37 1a7e 10640 50 “ 3266 11550 {
S0 12¢0 11550 56 22 2€30 12320 ¢
6 2630 12320 -5 159 3610 12550 ¢
-c9 2610 12950 -11 €0 2700 13720 :
<71 2100 13720 -78 Iy 1560 14560 .
-8 1540 14560 -79 1 «590 15120
<19 «590 1512¢ e? 69 5150 15470 <
£7 €150 15470 90 3¢ 6060 15540 ¢
<0 ccec 15540 83 s 6500 145080 ;
"3 6900 14980 eo ¢ 7610 14700
20 T81¢C 18700 79 3« 819 14560
79 £790 18560 81 180 sc6e 16770




Table A.12.

NOOE NO. 3 TOTAL LINKS 5
ReVel CCONCINATE 26 L1 ]
LINKED TO 11 ] 9
EXPCOSURE kL) 107 ¢
WEIGHTED 16 216 2
NODE WNO. 9 TOTAL LINKS 5
Xe¥eZ CCORCINATE aly 9 290
LINKED TO 14 12 11
ExPOSURE 187 7% [1)
WEIGHTED 296 1%2 132
NODE NO. 13 TOTAL LINKS 6
KoYel CCORDINATE 3%, 21e 290
LINKED TO 11 19 23
EXPCSURE 12¢ 9 a7
WEIGRTED 250 eo [1]
NODE NO. 7 TOTAL LINKS L
Re¥e2 COORCINATE 4T, 9« 300
LINKED T0 12 =10 -2
EXPOSURE 100 265 19
WEIGHTED = 202 512 LY
NODE MO, -2 TOTAL LINKS 2
XeYeZ COORDINATE 320 4 310
LINKES TO 11 -1

EXPOSURE 100 96

VEIGrTED 101 194

NOOE KO, 11 TOTAL LIAKS 21
XeYel COORDINATE 30 149 300
LINKED TO 19 23 8
LINRED TO -1 -2l -23
LINKED TO .27

EXPCSURE ”n S8 160
EXYPCSURE 155 13 1"
EYPOSURE 183

WEIGHTED 92 99 290
SEIGPYED 312 2170 92
VEIGMTED 368

KOCE NO. 31 TOTAL LINKS [
XeYeZ CCORDINATE e 41, 30O
LINKEDT 10 pL} 1e 28
ExpisSunt 100 [ 1] 1°
WEIGHTLL 101 130 L]
NOCE NO. 37 TOTAL LINKS 7
PeYeZ CCORDINATE 21 32+ 200
LIKRED YO 02 <0 32
EyPCsSurt 100 o0 36
WEI6nTED 202 . Ts
NCCE X0, 90 TOTAL LiakS [
FeV¥el COORNINATL 10¢ 63 300
Linngo 0 82 (1] LY
CvPQSURE 100 93 10
VEIGHTED 202 100 22
NCCE N0, 56 TOTAL LiINkS L}
Ne¥ol COORDINATL 9 T6s 300
LInxEC Y0 $2 -€2 =43
EYPCSUNE 100 21 169
vEIGNIED «02 219 32

MOUE NOe =39 TOTAL LIAKS S
Ne¥el CCORDINATL 230 850 330

LInegr v0 57 (1) 62
creosyurt 100 187 189
WLIGNTED 10 2% 332

NCOE NCo ~T71 TOTAL LINKS ]
Re¥el CCINDINATE 10, %% 330

LINKED Y0 70 62 76
exrosvat 100 236 120
vl i6r1L0 202 t2 14 121

-2
148
298

12
108

~12
248
498

12
-26

L H
218

186
219

-

20
L1

97
1)
99

-39
158
199

=64
107
108

74
129
130

Case 7 - Node Linkage

=1
166
334

=2
137
276

28
S0

1e
-3

L L]
17¢

9%
AL

=24
228
458

-ag
%9
256

YY)
219
A

-71
39
(1]

78
L2
«

=21
196
31s

28
-18

(1)
178

(1)
352

=23
&0
L}

-a1
8y
Je8

-40
193
380

22
-10

103
265

208
Sa0

-Af
166
167

32
-12

39
2m

L1

Sas

31
-2

16
168

17
298

-13
-20

188
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300
Se2
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Table A.12. (cont'd.)

NOOE NO. =78 TOTAL LINKS [}
NeV¥el COORDINATE 22+ 108e 340

LINKEC TO (1] % e2
ExPosSuRe L1 70 17
NEIGNTED 91 n 36

NODE NOs =79 TOTAL LIAKS 9
Xoe¥e2 COORDINATE 27¢ 116¢ 330

LINKED TO ot &? 72
EXPOSURE 100 e ¢
VEIGHTED 101 e9 91

NOOE WO 87 TOTAL LINKS [
NeVel COORCINATE 4Se 121e¢ 320

LINKED TO as 8% 90
EYPCSURE 132 40 3¢
VELGrTEC 133 a1 39

KOOE KO0 SO0 TOTAL LIAKS &
ReYo2 COORTINATE SEe 1224 310

LINKEC TO s €1 et
EXPOSURE 132 103 77
WEIGRTED 133 10¢ 1%6

NODE NC. 83 TOTVAL LINKS .
XeYeZ CCORDINATE 70« 114e 300

LINKED YO 91 73 L]
EXPCSURE 1c¢e S8 91
WEIGHTED 2%0 158 92

NODE NOo 80 TOTAL LINKS [}
Ne¥el2 COORCINATE 283+ 110e 200

LINKED TO n 73 88
EXPOSURE 100 165 133
WEIGNTED 202 212 268

NOCE WO, 79 TOTAL LIAKS 10
XeV¥e2 CCORDINATE 9% 108s 00

LINKED TO 81 7 6?7
EXPISURE 179 1c8 124
MELGNTED 180 763C0 37%0¢C

-T74
195
3s2

7%
90
182

-85
118
240

as

128

79
33
36

1
13%
13€30

-7¢
112
226

(1]
80
162

-88
105
110

-8
121
244

80
s
1%

[ 1]
154
158

8s
207
e24C0

-79

T
62
126

-78
96
19¢

-1
%6
19¢

-17
118
278

-81
156
157

93
191
18200

%
s
90

-8l
Se

66
St
15600

-85
9
21

-75
7
196

-82
2mn
sle

-74
9%
194

L)
-69 -81
% 1c9

47500 53000
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Table A.13. Case 8 - Node Linkage for Route
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Table A.14.
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Table A.14. (cont'd.) i
Y
NODE NC. 86 TOTAL LINKS 10
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Table A.14. (cont'd.)
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Table A.14. (cont'd.)
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APPENDIX B
FORTRAN PROGRAM FOR ROUTING MODEL

The program that has been developed as a result of this research
is currently running on a CDC Cyber 7400 series machine. The programmed
mode] has been tested on a ten kilometer area and was run for a 35 by
35 km area. The longest running feature of the model is the line of
sight calculations. The model has 14 subroutines which are controlled
by the main proaram and one subroutine. The relationship between the
subroutines is shown in Figure B-1.

Within this appendix is a short discussion of the model. The
basic purpose and operations of the various subroutines are given first.
The arrays in COMMON and those that are not are defined. Also variables
within COMMON are defined along with some which are used only in a
single subroutine. With one exception, flow charts were not drawn for
the model since the definition of the variables and the comments within
the program itself should be sufficient. The logic of subroutine CLUST
is not obvious, therefore a flow chart was drawn for this subroutine.
Lastly, within this appendix is a listing of the Fortran computer code

for the 10 by 10 km size model.

Main Program

The main program is an executive routine that directs the operation
of the model. Five subroutines are called by the main program. The

initial call is to INDATA which is a short subroutine that reads the

terrain data. After this call the main program aroups this elevation
140
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data into elevation bands. Each sensor site's elevation is obtained
from this data by finding the sensor's location within the elevation
data array. A call is then made to the MINALT subroutine to determine
both the maximum and minimum elevation groups within each elevation
data array of 1 km square. Two calls are made to HILOELV subroutine;
the first call is for processing the low elevation band and the second
call is for the high elevation band. The next subroutine called is
LINKAGE which is an executive subroutine that directs the routing
process. If the results of route development are to be retained for

further use, then SAVE can be called.

INDATA

This subroutine only reads the elevation data for the model, The
terrain data is read in strips of 1 km wide and up to 50 km long. The
data is stored into arrays of 15 by 15 data points and have a terrain
interval of 70 meters between points. As each new strip of terrain is

needed, a call is made to this subroutine.

MINALT

The minimum and maximum elevation data points in an array are
found and stored in arrays in a packed format. The array ISET contains
the row and column index of each low point and the array MSET contains
the high points. The data is processed sequentially from the first
terrain data array element such that if a new minimum or maximum is

found, the pointers and counter are reset.

HILOELY
This subroutine is divided into two major parts. An IF test is

performed on a call parameter ILO to determine whether the low
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elevation (IC, — ,ILO=1) or high elevation data (— ,IK,IL0=2) is pro-
cessed. The logic is the same for each part. A call is made to CLUST
which identifies disjoint groups of elevation data. After finding the
members of each cluster a call is made to CALCEN to calculate the
cluster center. If there is only a single value in this cluster,

CLUST 1is skipped and CALCEN is called directly. The values on these

| . centers are thenstored in LOWCEN or HICEN depending on which type of

h elevation data is being processed. After storing these values a return

is made to the main program.

CLUST
i Once the low or high data points are identified the cluster to

which they belong is determined by the beginning and end of each data

point string. The data points have been found sequentially; therefore,

the breaks in adjacency of points define the cluster boundaries. Since

the row and column indexes are stored by letting IVAL = (ROW * 100) + i
COLUMN, subtracting two consecutive values will indicate whether they !
are adjacent. When all the members of a cluster are found, a call is

made to CALCEN to calculate the centroid of the cluster.

CALCEN

This subroutine calculates the centroid of the cluster found in
CLUST. The mean of row indexes (Y) and mean of column indexes (X) are
the values for the center of the cluster. Since the indexes are integer
values, the sum of the indices has a half added to allow for truncation
of the decimal portion. An IF test is made on the calculated indexes
for the center to ensure that they are within the array dimensions.

For debug purposes several write statements in this subroutine can Be set.
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WRITCL

To list the clusters and centers this subroutine can be ‘called
letting LWRIT > 3. The Tow (or high) elevation cluster and pointers to
the cluster members are listed. When this routine is called, LH is

checked to decide whether high or low elevation values are to be printed.

L INKAGE

Once all the high and low elevation centers have been found, the
main program calls this subroutine. The remainina portion of the model
is directed by LINKAGE. The first subroutine it calls is LHSORT to sort
the high and low 1ists of centers. Then subroutine RADIAL is called to
determine the LOS between each node point and each sensor. RADIAL also
calculates the first part of the penalty function.

The routine now processes each route node by finding all other
node points which are within 1 km. These other nodes are the neighbor-
hood of points that have possible links between them and the current node
being evaluated. Two arrays, LINK and LINKTO, are used to store which
nodes are in the neighborhood, the penalty value associated with the
nodes and a beginning of the 1ist for each node. The high nodes are
identified by a minus sign. Having defined the neighborhoods and penalty
values for each point in the neighborhood, the route node is selected.

Control is then returned to the main program.

RADIAL

This subroutine is the most time consuming of the model. To
determine visibility of two terrain points requires more effort than
would seem to be necessary. The first problem is to locate where the

two points are in the terrain data base. Along the vector connecting
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these points a search is made for any terrain feature that would block

the line of sight.

The subroutine first determines whether the sensor or the node is
the westernmost point. If necessary the logic will swap the two points
to set the node as the western point and the sensor as the eastern point.

Having established the ends of the LOS vector, the tangent from the

horizontal and the sine and cosine are calculated.

*
2
#
I
e

With those parameter values the routine begins the search along

the vector. The vector is tested to locate its direction. Depending

Ty

on whether it's between 0°-45°, 45°-135°, or 135°-180° will give a
heading of north, east or south respectively. The calculations used

are given in section 4.3.

TR o DR

The routine finishes by listing the exposure values calculated for

the number of sensors that can see each node. These values will then

be used by DIFFER for those nodes which lie along the route corridor.

LHSORT

The initial point and the terminal point are added to the list of

Tow elevation centers. The low elevation centers (nodes) are sorted

into ascending order by row. This sorting is toease the logic for the
model. After the low centers are finished the high elevation centers
are sorted in the same manner. Pointers KFIRST and KLAST are used to
locate the initial and terminal nodes and are set after the sorting of
LOWCEN. The 1ists of low and high nodes are written out as tables before

returning to LINKAGE.

’ NEIGHB
J To define a neighborhood it was found that the normal visual search

pattern is limited to 1 km. The nodes which lie within 1 km are considered
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to be neighbors of the cur ~nt node. The resulting area is

a 2 km square with the principle node in the center. Having sorted the
arrays of centers, only 15 rows in either direction from the current row
are searched for a neighbor. For any row that is searched, only those
nodes which are within 15 columns on either side of the current node are
retained as neighbors. When both the low and high centers that are in
the neighborhood have been found, they are stored for use by subroutine

DIFFER. The results can be listed by having LWRIT > 2.

DIFFER

For each neighborhood the distance from the current (primary) node

is calculated and stored. The DIST array retains the distances for low

centers in the first column and the high centers in the second column.
The minimum and maximum distance and elevation are found while the

distance between node points is calculated. Once these values are ob-

tained they are sorted in ascending order by distance. A value of
LWRIT > 2 will allow the printing of these results. The routine then
completes the calculation of the exposure value for these nodes using the

values stored by RADIAL,

RITE
This routine will write several of the large arrays to temporary
storage if there are more values than the arrays can handle. These data

are then read back into the program as needed on top of those values no

longer needed.

SAVE
This routine will save the route and linkage arrays for plotting.

A TAPE 7 is set up to store the data in a format for plotting the X-¥
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coordinates of the nodes. The routine can be easily modified to write

5> IR e ! AL 3RO w PN N

any data that should be retained,

WRLINK

After the route has been found, this routine will list the 1inkage

information used in constructing the route. Listed are the arrays, the

pointers and nodes with their exposure values.
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IDATA(I,J,K)

LOWCEN(I,J,K)

HICEN(I,J,K)

IPOINT(I)

ISET(I)

MSET(1)

CEROID(X,Y,Z)

ISITE(I,J,K)

INITIAL(I)

LAST(I)

LINK(I)
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Arrays in COMMON

This array contains terrain elevation values.
It is a three dimensional array where the
index K indicates the map sheets. The initial
values are reassigned based on the equation
given in section 4.2

The X, Y and Z coordinate of the low elevation
nodes are stored in this array. Index | con-
tains the Y value, J contains the X value,
and K contains the Z value.

This array is just like LOWCEN except it contains
the X, Y and Z coordinate of the high elevation
nodes.

This array is used throughout the model to store
pointers.

The row and column indexes of each cluster member
are packed into this array. The first time used
it contains low elevation points. The second
time it contains the high elevation points.

This array stores the high elevation cluster
members for use by ISET.

As the centers for the low and high centers are
being calculated CEROID is used to temporarily
store them before placing them in either LOWCEN
or HICEN,

The location of the sensors are stored in this
array. Up to 10 sensors can be used as cur-
rently dimensioned.

The location of the starting point for the route
is entered into this array.

The terminal point for the route is stored in
this array.

This array contains the pointers to the entries
of LINKTO. The value in location I gives the
beginning of the node list in LINKTO that is
associated with node 1 of array FROM,
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LINKTO(T,J,K)

FROM(T)

T0(I1,J)

DETLO(I)

DETHI(I)

DIST(I,J)

SYSR{1)

SR(I,J)

MPOINT(I)

IFINISH(T)

HLIST(I)
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This array has the node number of the nodes
linked to node I of FROM. J is the exposure
value of that node and K is the weighted ex-
posure value.

The route nodes are stored in order of occurence
in this array. If 1 is the tenth entry then
this node number is the tenth rnde of the route.

The first entry I contains the node that is
reached from the FROM(I) node. The value storad
in J is the weighted exposure for the node
traveled to FROM(I).

The visibility value for a low elevation node is
stored in this array.

The visibility value for a high elevation node is
contained in this array.

The distance between a primary route node and the
neighborhood nodes are stored in DIST. The I
value is for low elevation nodes and the J
value is for high elevation nodes,

This array has the weapon system kill radius
in km. This value is converted to the units
used by the model. If the first value is zero,
then radar avoidance weighting is not used.

The range between the current node and the sensor,
the angle to the sensor and the angle of cover-
age are stored in this array. This information
is used for the radar avoidance weighting.

Arrays not in COMMON

For small tists which need pointers this array
is set equivalent to the last part of IPOINT
to save core storage. This array is used in
several subroutines in this manner,

To keep up with the progress of the LOS cal-
culations in RADIAL, this array has the bits
of an array element set to one as each node-
sensor pair is completed. The zero through
nine bit are used for low elevation nodes
and up to 10 sensors. The ten through nine-
teen bit are used for high elevation nodes,

After the route is found, the smoothing routine
stores the modified route in this array.

S
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KCET

NLOW

NHI

SMAX

NBLKS

LWRIT

LDEBG

LALT

HALT

LH

SENALT

VEHALT

NSITE
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Variables in COMMON

The current map sheet that is being used by the
mode] .

The number of clusters that are found is stored
in this variable until it can be added to either
NLOW or NHI depending on whether it is low or
high elevation clusters.

This variable is the total number of low elevation
nodes found plus the initial and final route
nodes.

The total number of high elevation nodes found
is stored in this variable,

As the node-sensor combinations are being processed
the maximum distance is checked, If a distance
is found which is greater than SMAX then the
new value is assigned to SMAX,

This variable is the number of data blocks written
on to temporary storage.

This variable is used to obtain detail data on
the operations of the model. It is mainly
used for checking results. IF LWRIT >5 then
everything is printed. As this variable in-
creases in value the amount of printing de-
creases. A value over 3 turns off the detail
printing.

To debug the clustering portion of the model this
variable can be set # 1.

The minimum elevation for the map sheet currently
being used.

The maximum elevation for the current map sheet,

If LH is set to 1 then low elevation points are
being processed. IF LH is 2 then high elevation
points are being processed.

The altitude of the sensor above local terrain is
entered in this variable.

The vehicle altitude it will be flying above local
terrain. Can be used for a ground vehicle by
setting it to zero.

The number of sensors that are located in the area
of interest. A maximum of ten can currently be
used.




RE

MDIM

GRID

SWEA

SWNR
LTRS

IRADUS

LNEBR

KNEBR

IROW

JcoL

KFIRST

KLAST

IC
IFREE

RANGE
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This variable is the radius of the earth for use
in the LOS calculations to allow for earth cur-
vature.

This variable is the number of data points in the
terrain data array. It is now set for a 15 by
15 array.

The grid interval (in meters) between the terrain
data points. From this research the grid inter-
val was 70 meters.

The easting of the southwest corner of the terrain
area being analyzed.

The northing of the southwest corner.

The UTM letter designation for the grid zone of
the southwest corner.

The radius value to be used to determine a neigh-
borhood of nodes. A value of 15 (1 km) is
currently being used.

The number of low elevation nodes within the
neighborhood for the current route node being
_eva]uated.

The number of high elevation nodes within the
neighborhood.

The row value (y-axis) of the current route node
being evaluated.

The column {x-axis) of the current route node
being evaluated.

The location of the initial route node within the
LOWCEN array.

The location of the terminal or destination node
within the LOWCEN array.

The number of nodes that the route passes through.

The total number of linkages that were found as
the route was being developed,

The range at which the weighting scheme narrows
the search area down. When the terminal point
is within 1 km of the current position the
field of view is narrowed down to 90°. Node
points outside these parameters have a higher
weight assigned to them.

b R .
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The maximum number of terrain data arrays in
the north-south direction is assigned this
variable.

ISTRIP This variable is set equal to the number of
map sheets being used.

BT

f JMAT The current array within a map sheet that is i3
being used by the model. E

™

RATE The distance between terrain points in the data -3
base that are being used. In this research
every data point is used thus RATE is set to one.

t
b
'




NORTH
SOUTH
EAST
WEST

ZLURVE

DZ

XSIT,Xp
YSIT,YP
ZSIT,ZP
KSIT

XS1
YS1
£S1
KS1

XSP
YSP
ISP

DIS
RMAX

™

YHEST
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Subroutine RADIAL Variables

These variables are the map sheet boundaries and
the names correspond to the boundary edge.

This parameter is a logical value that be
set if curvature of the earth is used for LOS
calculations.

The amount of curvature that is present when
correcting for earth curvature.

These variables are the X, Y and Z coordinates
of the sensor that is currently being used in
*the LOS calculations. The KSIT value is the
integer value of XSIT.

These variables are the X, Y and Z coordinates
of the current node being processed by RADIAL.
The KS1 is the integer value of XS).

The difference between the sensor and node are
found for each coordinate and stored in these
variables.

This variable is the vector distance between the
sensor and node in the X-Y plane. RMAX is
set equivalent to DIS.

This variable is the vector distance from the
node to the terrain point in the data base
that LOS is being checked.

The tangent to the eastern point from the hori-
zontal is stored in this variable.

The tangent to the terrain is calculated and
stored in variable for comparison with TM.

The Y component of the tangent T on the west
map edge is contained in this variable to
correct for vector crossing map Sheets.

The elevation of the current terrain point
being checked for masking is assigned to
this variable.

i
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XSIN The sine of the azimuth angle measured clockwise
from north for the node-sensor vector is stored
in this variable.

YCOS This variable is the cosine of the azimuth angle. i
ZNORTH These variables are logicals to indicate whether 3
ZSOUTH the vector is heading north or south,
NAR This variable is the array within the map sheet
where the terrain point is located.
X, IX These variables are the x coordinate for the
current terrain point.
Y,JY These variables are the y coordinate for the
current terrain point.
1DX,JDY These variables are the increment in X and Y
respectively.
IFIN This variable is used to check for completion of

a sensor-node pair.

IEXP The sensor bit in IFINISH is set by using the
exponent of 2 corresponding to the bit location
in the computer word.

RTOD This variable is the number of radians to degrees.

EAST1 The easting and northing of the beginning of a 1
NORTH] route segment or path leg along the route.

EAST2 The easting and northing of the end node of the 1
NORTH2 route segment that begins at EASTI,NORTHI1. 1

Subroutine DIFFER Variables

OMIN The minimum distance between any node in the
neighborhood of the current route node being
processed.

DMAX The maximum distance between any node in the
neighborhood of the current route node being
evaluated.

DRANG The difference between DMAX and DMIN is assigned

this variable.

KZMIN The minimum elevation for any node in the neigh-
borhood for the route node being evaluated.
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KZMAX The maximum elevation for any node in the neigh-
borhood for the route node being evaluated.
KZRANG The difference of KIMAX less KZMIN is assigned j
this variable. F

! Subroutine LINKAGE Variables

NWEIG This variable is the weight a node point has
because of its location with respect to the
current route node.

IFLAG If the procedure cannot find any node points

in a neighborhood of a route point, the recti-
] Tinear distance for a neighborhood is doubled.
3 IFLAG is then set to -1 and the model stops
if no nodes still cannot be found.

NPEN This variable is the weight exposure value the
penalty function calculates for the node in
the neighborhood.

LPEN This variable is used to store the current mini-
mum NPEN that has been found.

NEWPT The node in the neighborhood with the current @
minimum exposure is assigned to NEWPT, :

XI,IX The X coordinate difference between the route i
node and the neighborhood node is stored in !
these variables.

YJ,JY The Y coordinate difference for the same two
nodes as XI above.

KANG The angle at which the terminal node lies from - !
the current route node is measured from the ’
x-axis and assigned to KANG.

IANG This angle is the direction of a neighborhood
node from the route node.

IAK This angle is the difference between KANG and
1IANG.

RANG The range from the route node to the terminal

node is stored in this variable.

RA This range is from the route node to the neigh-
borhood node.
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FRCGRAM SEARCHCINPLT=/80e0OLTPUT=/1274TAFES=INPUT

1 TAPEE=OUTPUToTAFET+TAPERBSTAPED)

CCMMON/ZICAT/ KMATGISTRIP4IDATA(1S541%410)

CCMMON/LCENT/ LOWCEN(250¢3) o HICENC25002) o KCEToNLOWeNFTI
1 SVAXeLWRIToLDEBGeJMAT s JUSTRIPoLH

COCMMON/POINTY/ INITIALC3I)oLAST(I)SIPOINT(2E0)

1 ISET(250) ¢MSET(250)9sCERCIC(Z50¢3)

COMMON/SENVEF/ LALToFALToSENALToVEFALTSIFREEWGRIC

1 SWEAGSWARGLTRS

COMMON/SRADY RANGE gREGMDIMGRATE ¢NSITE oJSITEC1093)¢SYSR(10)
INTEGER FALTGCERCICOHMICENGGRIDeSWEA«SWARGSAVETP

INTEGER SENALTGVEHRALT

DATA INToKMAToISTRIPGGRICIRANGE/10910910e7001443/

DATA KCEToLWRITeLDEEGeALOWwoeNHI/091e1eCe0/

KMAT IS SET UP FCR 1C ARRAYS WITHIN A STRIP OF DATA »»
ISTRIP IS SET UP FOR 16 STRIPS =x»

NSITE
LWRIT
LDEBG

"
(NN

READ INPUT CATA »»

REACCS+9C0) ISTRIPWKMATGSAVETPLWRITSLLESE
READCS 9901) INTeGRIDJLTRSeSWEALA9SWAR
REAC(S5¢9C2) SENALTWVEHALT 9 TRADUSRANGEGREWRATEGMDIM
READ(59S503) INITIALC2)9INITIAL(LI)9INITIAL(3)
READ(S5¢503) LAST(2)9oLAST(1)9LAST(3)
FEAD(S¢904) NSITE

IF(NSITE «GTe 1G) GO TC 1200

DO 12% I=14NSITE

REAC(5¢S03) ISITECIeZ)eISITE(Io1)oISITE(ILZ)
READ(54505) SYSR(I)

SYSR(I) = SYSR(I)»120040/GRID

WRITE(60S10)
CC 1000 JK=14ISTRIP
JSTRIP = JK
CALL INDATA

GROUP LATA INTC ALTITUDE BANDS *
INT IS THE BAND INTERVAL e
JMAT IS THE MATRIX BEING SUECIVICED FCR ANALYSIS e+

DO 660 1=1,41°%

DO 660 J=141F%

CO 660 K=14KMAT

ICATACT oJoK)=(CC(IDATACTIoUeK)I=1)/INTI*IAT)«INT

FIND THE LOCATION OF THE SENSCRS IN THE TERRAIN DATA wvs

oY, T "




oNeNeNal

7Cc0

501

* * W
*R®

675

aco
1c00

1100

1200

900
9C1
962
203
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DO 700 I=14NSITE

ICOL = JK#}1E

NX = JSITE(Is2)

IF(NX «GTe ICCL) GO TO 7CO
ICOL = (JK=1)#15

IF(NX oLTe 1COL) GC TO 700

NX = NX=(JK=1)%15

NY = ISITE(I.1)

NZ = (NY-1)/15

NY = NY=-AZ*15

NZ = NZ+1

ISITEC(IS32) = IDATA(NYsNXe¢N2Z)
CONTINUE

IF (LWRIT o+LEe 4) GO TO €75

DC 501 K=1¢KMAT

WRITE(6+911)

WRITE(60912) ((IDATA(IoeJeK)9JU=1915)9]21418)
WRITE(69S10)

MINALT FINCS MIN AAND MAX ELEVATICN IN E£EACH ARRAY %
FILCELV CVERSEE THE CLUSTERING CF ELEVATICN EANDS

CO0 800 oCU=1eKMET

JMAT = JJ

I1C=1

IK=1

CALL MINALT(ICosIK)

CALL HILCELVC(ICeIKe1l)

IFCIC +EGe 225%) GO Y0 8CO

CALL KILOELV(IKyIKy2)

CCATINUE

CONTINUE

WRITE(£4510)

WRITE(E9915) ISTRIPeKMATeSAVETPGLWRITGLDEEG
WRITF(E4S516) INT4GRICSLTRSeSWEASSWAR
WRITE(E9G17) SENALTOVEHALToIRADUSORANGEGREGRATE 4MOIM
WRITEC(64518) INITIALC2)9INITIALCI)GINITIALC(S)
MRITEC(E4S19) LAST(2)4LASTC1)oLAST(3)
WRITE(64513)

DO 1100 Iz=14ASITE

WRITE(64S20) ISITECI92) 9 ISITECIw1)oISITEC(IW3)eSYSRII)
CALL LINKAGE

IF(SAVETF +5Te 0) CALL SAVE

STOP

WRITE(E9S14) NSITE

NSITE = 10

GC T0 1°0¢C

FCRMAT(S515)
FCRMAT(2T501CX0A24214)
FCRMAT(ZTS93F10e3415)
FORMAT(3110)
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:

904 FORMAT(IS)
905 FORMAT(F10.2)
S10 FORMAT(1F1)
911 FORMAT(/10Xe*ALTITUDE ARRAY=®/)
912 FORMAT(15(1Xe16))
913 FORMAT(20Xe*SENSOR LOCATION®/24XgaXxg 7 XotYrgTXgnZny

1 TX42SYS Rx¢)
S14 FORMAT(////7/5Xe«NUNBER OF SITES CGREATER THAN 10 =-*416/

1 EXe¢xNSITE SET TC 10x)
S15 FORMAT(//20Xe*INPUT DATA*/20Xe«ISTRIP KMAT SAVETP =,

1 *LWRIT LCERC*/ 20Xe5(ISe1X))
916 FCRMAT(/20Xe*INT GRID LTRS SWEA SWAR»/

1 20Xe2CI591X)9A2492(1Xe15))
917 FORMAT(/20XexSENALT VEKALT IRADUS RANGE RE*e10X9

1 *RATE MDIM+/20Xe3(IS¢1X)oFBe3elXeF10a291XeF8e3elXele)
918 FORMAT(/20Xoe*INITIAL POINT ON ROLTE =~ XoYel2r/

1 20Xe2C16e2X))
919 FORMATC(/20Xe*CESTINATION POINT FCR RCUTE = XygYe2r/

1 20Xe3(€1642X))
920 FORMAT(20Xe3(ISe3X)eF10.2)

END
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SUBROUTINE HILOELV(ICeIKeILO)

#x¢ THIS SUBROUTINE CONTROLS HIGH/LOW CLUSTERING =«
**x JC IS THE NUMBER CF MEMEERS IN LOWCEN *
*s% K IS THE NUNBER CF MEMBERS IN HICEN L
*«w | OWNCEN CONTAINS THE LOW ELEVATION CENTRCILCS LA
*+* HICEN CONTAINS THE HIGH ELEVATIGCN CENTRCICS xw
»»%x NLOW IS THE AUMBER OF LOWCEN CENTROIDS o
*xx NH] IS THE NUMBER CF HICEN CENTRCICS >
*ax KCET 1S CURRENT COUNT OF CLUSTER MEMEERSKIP e

CCMMON/ICAT/ KMATGISTRIP¢IDATA(15415410)
COMMON/LCENT/ LCWCEN(250¢3)eHICEN(25043)¢KCEToNLOWOINHTY
1 SMAXJLWRITeLDEEBGyJMATsJUSTRIPeLK
COMMON/PCINT/ INITIALC2)9LAST(3)+IPOINT(250),
1 ISETC2SC) ¢MSET(2S0)4CEROCID(25042)
COMMON/SENVEFR/ LALToHALTSENALTWVEHRALTSIFREEWGRID,
1 SWEA9SWARGLTRS
INTEGER HALTLCERCIDWHICEN

IFCILC «EGe 2) GC TO 20
*2x PROCESS LOWCEN »»
*++ JF IC=1 CONLY CANE VALUE WAS FOUNDR MEMEERSFKHIP *
*»+ JF JC=225 THEN ALL THFE ELEVATION VALLES ARE THE SAME »»
s THE SAME LOGIC IS USED FOR 1IK e
LK = 1

IFCIC +EGe 1) GO TC 500

IFCIC «EGe 225) 50 TC 556

CALL CLUST(IC)

GC T0 610
260 IPCINT(1)

GO0 TO 600
S50 TPOIANT(1) = 112
600 CALL CALCENC(1)
610 CONTINUE

1

wew STORE NEW MEMEERS 2+
DO 625 L=1oXCET
LOWCEN(NLOW+Lo1)
LOWCEN(NLOW®Ls2)

€25 LOWCEN(NLOW+L¢3)
NLOW = NLOW+KCET

CEROID (L)
CERCIC(Ls2)
CEROIC(L+3)

oo

KCET = ¢

CC 650 L=1+250

ISETC(LY = 0
650 IPOINT(L)Y = O

RETURN

#** FROCESS KHICEN »e

> TR iy
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100

760
750

AL O
810

F C *»a

82%

Lh = 2

LO 100 I=1,1IK

ISETCI)Y = MSET(I)

IF(IK «EGe 1) GO TC 700
IFCIK JEGQ. 22%) 60O TC 750
CALL CLUST(IK)

G0 TC 810
IPOINT (1)
GO TC &o0
IPOINT(1) = 113
CALL CALCEN(1)
CCNTINUE

1

STORE NEw MEMBER
DC 825 L=14KCET
HICEN(NFI+Ly1)
HICEN(NRI+Ly2)
HICENI(NFI+L42)
NHI = NHIeKCEY

w"

LB

CEROID (L)
CEROTID(L92)
CEROIDU(L3)

KCET = 0

DC B850 L=14250
ISET(L) = 0
IPOINT(L) = 0
RETURN

END

162
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SUBROUTINE INDATA g
COMMCN/ IDAT/ KMATGISTRIPeICATA(15915410)
COMMON/LCENT/ LOWCEN(250e3)emICENC25092) e KCEToNLOWONFI
1 SVMAXeLWRIT9LCEBGsUMAT9JSTRIPWLH

INTEGER KALT

¢
% C ##+ READ INPUT TERRAIN DATA #+
c
; READ(8) LALT4HALT
= CO 600 IMAT=1y4KMAT
o £00 READ(B) (C(IDATACIRCW+sICOLsIMAT) 9 IROW=1+415)91COLZ1015) 3
| RETURN 3
s £ND ¢

w5 SOV T O T E 5 LK

r

= ey
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SUBRCUTINE MINALTU(ICeIK) é
C
C »2» THIS SUBROUTINE FINDS THE MIN ANC MAX ELEVATION =« :
C »«» BANDS IN EACF JMAT ARRAY OF IDATA., IVAL IS THE *x ¥
C »»+ ARRAY ELEMENT THAT IS BEING CHECKED FOR MIN/MAX == 3
¢ %
COMMON/LCENTZ LCWCEN(25093)eHICEN(2E093) e KCETGNLCWoNF] F
1 SVAXGLWRIToLDEEGeJMATOUSTRIPWLH i
COMMON/POINT/ INITIAL(3)eLASTC(3)9IPCINT(ZSC) j
1 ISET(250)¢MSET(250)9CERQID(25063)
3 COMMON/IDAT/ KMATGISTRIPLZIDATA(1S415410) :
INTEGER CEROIC+HICEN &
(o &
CC 5 I=14250 - ;
MSET(1) = 0 5
S ISET(I) = O 8
20 IFF =1 ?
‘F‘ IL = 15 fz
JF =1 i
JL = 1% ;
&C0 MIN VAL = 995999 .
MAX VAL = =553845495 :
c 2
C »=» FOR IVAL *e S
C »+% A POSITIVE VALLE INDICATES IVAL OUTSICE CLUSTER =« :
C »«» A ZERO VALUE - IVAL IN CLUSTER "
C »»» A NEGATIVE VALUE INDICATES A NEw CLUSTER ' L
o

CC 8CC I=IFF,IL

CC 800 J=JFeuL

IVAL=IDATA(I sJeJMAT)

IFCIVAL - MIN VAL) 70GC0e7504625
; 625 TF(MAX VAL = IVAL) 65045604800

»++ STORE INCICES FOR I ANC J WITH MAXIVAL VALUE IN MSET »»
»2» IK IS A COUNT OF THE VALUES FOUNC * %

aOO0O0

650 IK = 0
MAX VAL = IVAL
i 660 IK = IKe+l
MSET(IK) = I+100+y
G0 TO 82C

=s+% STORE INCICES FOR I AND J WITH MINIMAL VALUE IN ISET »»
sx» JC IS A COUNT OF ThHE VALUES FOUNC e

OO0

7¢0 1C=0

MIN VAL = IVAL
780 IC = IC+1

ISETCIC) = I#100+y
8C0 CCNTINUE

RETURN

ENC
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SUEROQUTINE CLUST(IO)

COMMON/LCENT/ LCWCEN(250¢3) ¢sHICEN(ZE092) o KCEToNLOWONFT,
1 SMAX gLWRITGLDERGeUMAT9JSTRIPsLH

COMMON/PCINTZ INITIALC3I)GLAST(3)4IPCINT(E50)
1 TISET(250) ¢MSET(250)9CERQIC(25042)

INTEGER CEROIDWSHICEN

*»*x TRIS SUBROUTINE FIANDS THE MEMEERS CF EACF CLUSTER

*«x JPOINT STCRES THE INDEX OF ISET FOR THE CURRENT CLUSTER
**+ | IS THE BEGINNING OF ThE ISET CLUSTER

*x+ J IS THE CURRENT VALUE IN ISET BEING EVALUATED

»*» FOR INCLUSION IN THE CLUSTER

121
30 K=1
IPOINT(1)=1
15 U = I+1
40 IVAL = ISET(JY-ISET(D)
RS2 TFCCIVALOESGel)eCRCIVALOEGeSS) e OFea(IVALeEGa100)e0Re
1 tIVALL.EG.1C1)) GC TO €0

*+x TRUE - INCREMENT 1 * %
IFCIVEL «GTe 1C1) GO TO 5S4

**x TRUE = J JS PAST LAST ENTRY x»
IFCIVAL «LE. 0) €O TOC 82
J = Je+l
IFC J «GTe C(I+16)) GC TO 70
GC TC o&C
8¢ IF(CI+1) JESe. J) GO TO 8S
I =11
GC TOo 2t

»ex FLACE IVAL IANTC CLUSTER USING ITS IANCEX w»

€0 DC 62 L=1eK

€2 IFCIPCINTIL) oEGe J)Y GO TO 64
K = Kel
IPOINT(K) = U

64 oy = (*1
GO TG 4¢C

*+% ANO CRANGE IN K INCICATES THAT NC NEw MEMZERS EXIST #»
70 IF(K 4EGe 1) CGC TO 75

1 = 11

60 TO 35

#ex [SCLATED PCINT w2s»
75 CALL CALCENC(L)
I = 11
IF(I oGTe IZ) RETURN
GO TC 3C

L 8
* &
L
* %
* %

Pl

%)

3 sl . ada,

!

‘4
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€2 IFC(I+1) «LTe IC) GO TO R4
DC 83 1 =14K

83 IFCIPCINT(L) JEQse (J=1)) GC TO S0
1 = 1+1
IF(] «GTes IC)Y GO TO SO
GO0 70 3%

Ee T = <1

GC TO 3=

CALL CALCEN(K)

I = 1+1

GC T0 30

(¢ 2}
o

C »*+ END CLUSTER xwx

90 CALL CALCEN(K)
RETURN
END
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SUERQUTINE CALCEN(K)

*++ CETERMINE THE CENTRCID OF THE CLUSTER w=»

aNeNel

COMMON/ICAT/ KMAToISTRIP4IDATA(1S415410)

COMMON/LCENT/ LCWCEN(250e3)9FICEN(25C92Z) 9KCEToNLCWoNFTY
i SMAXLWRIToLDEBGeUMAT ¢JSTRIPeLFE

COMMON/POINT/Z INITIAL(3)+LAST(3)9IPCINT(250)

1 ISET(253)¢MSET(25C)9CERCIC(25043)

COMMON/SENVEF/ LALToHALT 4SENALTWVEHALTIFREEGGRIDY

i ! 1 SWEA+SWNRGLTRS

: INTEGER CEROICSHICENGFALT

e g v e -

*xx TAUM IS THE RCwW INCEX = Y COORD LR
*+» JNUM IS THE CCLUMN INDEX = X COORD #»

OO0 0

; KOUM™
| JNUM
; INUM
‘ KCET

5 TR VIEL R LR P SRR

"Hwnnn

(o]

O
»
»
»

CALCULATE THE MEAN VALUES w»

CC 100 L=14K

LL IPCIAT(L)

‘ KDUM ISETC(LLY/Z100

| JNUM CISETCLL)Y = <DUM *#180) + JAULWV
' 100 INUV KCUM + INUWM

(g N e

x++x TFRIS CALCULATION ACCS A FALF TC ALLZw FCR TRUNCATION e«

JANUM = (2xJNLMeX)/(2+K)
INUM = (Zo]ANLNMeK)/(22K)
IFCJUNLM «GTe 15) JhuM=15
IFCINUM .GTs 15) IANUMZLE

OO

»xx NEEC TO STORF WHICH ARRAY IS BEING PRCCESSED e
‘ IROW = (JMAT=1)+#15+INUM
| ICOL = (JSTRIP=1)*15+JNUM
CEROID(XCET¢1) = IROm 4
CEROID(KCET92) 1CoL - B
CEROID(KCET42) IDATACINUMgUNUMeUNAT)
IFCLWRIT oLEe 3) GC TO 10
CALL WRITCL(K) :
10 IF(LDERG oEGe 1) RETURN E

-~ i

WRITE(E¢S00) KOUMe L STRIPIJUMATGINUMeUNUMGKCET, i
1 CERCID(KCET91)9CEROID(KCET92) e CERCIL(KCET93)9IRCWoICOL )
900 FORMAT(10Xe*xCUV JSTRIP MAT INU¥ JNLMe 42Xy
1 *KCET CEFOIL(IoY)a(Te2)e(Ie3) IROW ICOL*/
10XeE(ICa1X) oS Xe3(1692X)e2(I241X))
WRITECE9SC1) ALOWONHIZLALToHALTOLK

ny




501 FORMAT{10Xe*NLOW NHT LALT
1 10XeS5(IC41x))
RETURN
END

HALT

LEw/
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SUBROQUTINE WRITCL(K)

»+x THIS SUEROUTINE WRITES RESULTS OF CLUSTERING »x
*rs LK = 1 IS LOWCENs 2 IS KICEN L

COMMON/LCENT/ LCWCEN(25042) oFICEN(250¢3) ¢KCEToNLOWOAKIYy
1 SMAXOLWRITOLLCEEGeUMAT qUSTRIPGLH
COMMON/PCINT/ INITIALUI)GLAST(3)eIFPOINT(2SC)
1 ISET(2E0)¢MSET(250)4CERCID(25043)
INTEGER CERCICoHICEN
DATA NEXTONEXTLONEXTH/19191/
NEXT = NEXTL )
IFCLE oEGe 2) NEXT=NEXTH
WRITE (€4900C)
S00 FCRMAT(///) '
IF(LH oECe 1) WRITE(E$901)
IF(LEH oEQe 2) WRITE(E64502)
€01 FORMAT(//10Xe*LCw ELEVATION CLUSTER=*//)
S92 FCRMAT(//10XertHIGH ELEVATION CLUSTER®//)
WRITE (64903) KEXT 4K
WRITE (6£4904) (TIPOINT(I)el=14K)
903 FCRMAT(SXe*CLUSTER NUMBER =914/
1 SXoexTOTAL MEVMEERS IN CLUSTER *413/)
904 FORMAT(EXe*PCINTERS TO CLUSTER MEMEER*/1C(2Xe18))
N1 = IPCINT (1)
N2 = JPOINT(K)
WRITE (69905) (ISET(IdeI=N1gNZ)
WRITE (64906) NEXToCEROID(KCET42)oCERCID(KCETo1)
1 CEROID(KCET 42)
90 FORMAT(/SXe+FACKED CLUSTER LCCATION 2Cw=CCLUMN*/1C(cxqel€))
906 FORMAT( // SXe*CENTER OF CLUSTER NUMEER =g¢14/
1 EXoxX=COORC*9J49» Y-COORCrgltox 2=-CCOPD*o14//7)
NEXT = ANEXT+1
IF(LH <EGe 1) NEXTL=NEXT
IF(LH +EGe 2) NEXTEH=MEXT
RETURN
END
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SUBROUTINE LINKAGE

LINKAGE ROUTINE * W
IPCINT HAS LIST OF NEIGHEORHCOD POINTS LA
NODE - NODE ANUMBER OF POINT BEING EVALUATED »»
ALOW = NUMBER CF POINTS IN LOWCEN "
AHI = NUMEER OF POINTS IN HICEN LA
LANEER = POINTS IN NEIGHECRFOOD FCR LCWCEN **
KNEBR = POINTS IN AEIGHECRFOOD FOR HICEN LA

COMMON/LCENT/ LOWCEN(25003) o HICENC25093) 9 KCEToNLOWONFT
1 SMAXeLWRIT9LOEBGesJMAToJSTRIPLH

COMMON/POINT/ INITIALC(3)oLAST(3)4IPCINT(250)
COMMON/SENVER/ LALToHALToSENALToVEHALToIFREEWGRIC
1 SWEA¢SWNRsLTRS

CCMMON/SRAD/ RANGEGJRE9MUIMORATE GANSITEGWISITEC1093)9SYSR(10)
CCMMON/KINK/ LINK(250)sLINKTO(150093)9NELKSHICo
1 TRACUS+LNEBRJKAEER

CCMMON/CET/ CETLOC250) ¢DETHIC250) ¢ FRCM(2€0)+4T0(25002)
CCMMCN/ECGE/ DIST(100e2)9IRCWoJCCLSLSTR

CIMENSION MPCINT(125)¢SR(10e3)eNLIST(250)

INTEGER HICENSGRICoFROM9TO9SWEAWSUNR

INTEGER EAST14EAST2

EQUIVALENCE (IFOINT(126)9¢MFOINT(1))

CATA IRACUS/1S/

CATA CETLOSLETHI/E00+0/

DATA SMAXSRTCL/1004045742957795131/

SCRT LOWCEN ANC HICEN =+
CALL LHSCRT(KFIRSTo¢XLAST)
CEVELOP NETWCRK a2

CALL RADIAL
DC 10 I=14250

FROMC(I) = O
TO(Is1) = O
TOCIe2) = 0

CONSTRUCT ROLTE w»

1C =1

NODE = KFIRST

NEWPT = ANOCE

FIND NEIGHEORFOOD ABOUT A LOW POINT »e

3:
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IROW = LOWCEN(NODEL1) :
JCOL = LOWCEN(NODEs2) g
LCWCEN(NCDEsl) = =(1C00000+IRONW) i
LOWCEN(NODEs2) = =~(1000000+JCOL) ‘
CALL NEIGHB(NODE) s

CALL DIFFER(NQODE)

FROMCIC) = NEWPT

IF(LWRIT oLEe 2) GC TO 23€

WRITE(694921) NCOE2JCCLoIROWSNEWPTHLPENIC

X1 = LAST(2)-.COL

YJ = LAST(1)-IROW

KANG = RTOD~(ATANZ2(YJUeXI))

RANG = SGRTU(XI*%2 + YJU*r*Z2)

DO 50 I=14NSITE

XI = ISITE(Ie2)-JCOL

YJ = ISITE(Te1)-1IROW

SR(Ie1) = SART(XI*#*2 ¢ Y ex2)

IFC(X] +EGe Ce0) oORe (SKR(I9l) +EGe G)) GC TO SO
SK(1e2) = RTCDx(ATAN2(YJUe¥XI))

SR(I¢3) = ABSC(RTOD®(ATANZ(SYSR(I)9SR(Iel1))))

CCNTINUE g
FINDG MIA PENALTY VALUE e

ANGLE HEADING IS MEASURED FROM X-AXIS ==

IAK ANGLE IS MEASUREC FROM HEACING e

THREE WEIGRTING SCHEMES e

MEADINGs RADAR AVOIGANCEs TERMINAL s

LFEN = 1000000

LA = LINK(IC)

LE = LINK(IC+1)-1

IF(LE oLEs 0) LE=IFREE
CO 200 LL=LAsLE

NJ = LINKTC(LLe1)

IF(NJ «LT. 0) GO TO 120
IX = LOWCEN(ANJS2)

JY = LOWCEN(NJe1)

60 TO 125

IX = HICEN(=-NJ92)

e

JY = FICEN(=NJel)

XTI = Ix=uCOL

YJ = JY-IRCY

RA = SGRT(XI%eZ2 + YJyre2)
TANG = RTCO=(CATAN2(YJeXI1))
TAK = TANG-KANG

IFC(IAK «GTe 180) [AK=360-1AK
IFCIAK oL Te-180) IAK=360+IAK

FEACING WEIGHTING »»

AWEIG = (IABS(IAK))/S0+1

H
M 3
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130

175

200

C 222

4C0

IF(RANG «GT.RANGE) GO TO 130
TERMINAL WEIGHTING »»

NWEIG = 2+« (JABS(IAK)/45)+1
IFC(RA «GTe RANG) RKRWEIG=10C+NWEIG
60 7O 120

RADAR AVCICAANCE WEIGHTING «»

IF(SYSR¢1) oLEe 0e0) GO TO 150
CC 135 I=1eNSITE

ANG = IANG

ANG = ABS(SR(I¢2)=ANG)

IF(ANG oCTe SRCIe2)) GO 7O 125
ANWEIG = 2

IFCRA «GTe (SR(Ie1)=SYSR(IN)) NWEIG=10
GO T0 1%8¢

CONTINUE

NFEN = AWEIG»LINKTO(LL92)+NWEIG
LINKTO(LLe2) = NPEN

IF(LWRIT «LEe 2) GQ TQ 175
WRITE(E9S2C) NODEWNJoLAsLEWICoIFREESRA
WRITE(69524) TAKsIANCoKANGeNWEIGsLPEN,
IF(NPEN +GE« LFEN) GO TO 200

LPEN = NPEN
NMEWPT = LINKTC(LLSD)
CCNTINUE

IF(LWRIT oGTe 2) WRITE(64521) MNOTELJCC
IF(NEWPT +EGe KLAST) 50 TO 47%

NCDE = NEWFT

TCCICel) = NEWPT

TC(ICe2) = LFEN

1C s [C+1

LTOTAL = LTOTAL+LPEN

IFCIC eGEe 1S50) CALL RITE
IFCIFREE oGEes 1R00) CALL RITE
IF(NOCE «LTe 0) GO TC 400
GO TO 2°¢

FIND NEIGHECRFOCD ABGUT A FIGH PCINT

NCDE = =NEWFT
IROW = HICENC(NOCDEo1)
JCOL = HICENINOCE2)

FICENC(NOCES1) = =€1000000+1RON)
HICEN(NOCES2) = =-(1000000+uCOL)
CALL NEIGHE(ANCCE)

CALL DIFFER(NCCE)

GC 70 3¢

172

NGE ¢RANG4RA
NPEN XTI oYU
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450 IFC(IFLAG «EGe =1) GC TO 475

IFLAG =~}

IRADUS = 2+IRACLS
GO T0 158

NEWPT
LPEN

TOCIC2)

*+* CHECK FOR DATA BLOCKS WRITTEN TO WORKING STORAGE s+

IF(NELKS «GTe 1) GO TO 700

*+* REMOVE LARGE NEGATIVE VALUE FROM RQUTE NQCES #=

480 0O 500 I=1eIC

NN = FROM(I)

IF(NN «LTe 0) GO TC 485

LCWCENCNNG1) = =-(LCWCEN(AN41)+1000000)
LCWCENCNNS2) = -(LCWCENCNANG2Z2)4+1000C00)
GO T0 5%¢0

45 AN = =N\

HFICEN(NAg1)
HICENINNG2)

=(HICEN(MNN91) +10000C0)
=(HICEN(NN92) +1000000)

SC0 CONTINUE

*** WRITE NOCE PCINTS OF THE ROUTE «»

LL = 0
WRITE(E64510)
D0 650 I=1,1IC
LL = LL+1
NODY = FROM(]I)
ACC2 = TC(I41)
IF(NOD1 JLTs 0) GC TO =50
NCRTH1 GRIC*LOWCEN(NCDlel)+SWAR
EAST] GRIC*LOWCENI(NCD192)+SWEA
IF(NOD2 «LTe 0) GC TOQ 575
= GRIC*LOWCEN(NODZ9¢l)+SWNR
EAST2 = GRIC*LOWCENC(NCD292)+SuEA

GC TC 600
550 NOD1 = -A0D1

NORTH1 = GRIC*HICEN(AOC141)+SWNR
gEAST] GRIC*HICEN(NOD192)+ShEA
IF(NCC2 «GTe 0) GG TO S52°%

€78 MNOD2 = ~NODZ

NOKTH2 = GRIC*HICEN(NCDZ241)+SwAR
EAST2 = GRIC*HICEN(NOD2+2)+SWEA

6C0 WRITE(69911) FROMUT)9EAST19oNORTH14TC(Ig1),
1

1 TC(I42)4EAST24NORTH2
IFCLL oLEe 2S) GC TO €5C
WRITE(69510)

L = 0

€S0 CONTINUE

L o P —




670

€75

680

685

875

WRITE(K4512) LTRSeSWEA9SWNR9LTOTAL
CALL WRLINK

ICK = IC-1

LA = 0

K =1

CO 800 I=1,ICK

IF(K «GFes 1C) GC TO E&%5C
LA = LA+l

NJ = FROM(K)

NN = TC(Kel)

NLIST(LA) = NJ
IF(NJ oLTe C) GO YO €70

JCOL = LCWCEN(NG2)
IROW = LCWCEN(NJ91)
GC TC €75

JCOL HICEN(=ALe2)

IROW = HICENC(-NJs1)
IF(NN oLTe G) GO TC 680

IX = LCWCEAN(NN2)

JY = LOWCEN{NNs1)

GO TO 685

Ix = HICEN(=NNo2)

JY = MICEN(~-NNel)

X1 = Ix=-JCCL

YJ z JY-IRCh

CISA = SGRT(XI#*x2 + YJds»2)
K = Kel

LL = K

CO 800 uJ=LLIC

N = TC(Jel)

IF(NJ oLTe Q) GO TO €90

IX = LCWCEN(ANUY2)

JyY = LSWCEN(ANJ1)

G0 TC €95

IX = KICEN(=-NJe2)

JY = HICEN(-NJ9el)

X1 = Ix=JCCL

YJ = JY-]IROW

DISB = SQRT{(XI#22 + YJysr2)
IF(DISE +GTe. DISA) GO TO 80C
K = J+l

CISA = DISE

CCNTINUE

1 = ICKel

LA T LAl

NLIST(LA) = FROM(I)
CONTINUE

NLISTC(LA+1) = TOC(ICe1)
WRITE(£4S15)

N0 &TS u=lelA

WRITE(69916) ALISTCUISNLISTLU*D)
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IF(NELKS oLTe CLCE) GO TO 710
RETURN

700 CALL RITE
OLDB = NELKS-1
REWIND 9

710 READ(9) NBLKSeIFREELIC
READ(S) (FROM{IDeI=141C)
READ(9) ((TO(Ieddeu=1e2)e1=1,1C)
READ(9) (LINK(I)eI=1,41IC)
READ(9) ((LIAKTO(IoJU)eJ=193)9I=14IFREE)
GO TO 480

910 FORMATC(1WH1///7/7/720Xe*TABLE NODE LINKAGE FQR ROLTE=//
1 19X o*FRCMu g4 Xog2EASTING* 92X o tNORTHING»,
2 EXoxTO g4 X g *PENALTY * 93X 9*EASTING2 92X g *NORTHING*/)
911 FORMAT(18XeID 02X e2CIS91X) e2Xe15¢2Xe3(1Se1X))
912 FCRMAT( /719X e*SOUTHWEST CORNER ®oeA24214//
1 110Xe*TOTAL PENALTY*/110Xo*RUNNING TOTAL*/110Xe112)
S15 FCRMAT(1H1///7/7/7730Xe*TABLE MOCIFIED ROUTE=x//
1 ZTXe*FROMugSXgxT0O%/)
G516 FCRMAT(36X9I5e2Xe15)
520 FCRMAT(/EX ¢xNODE NJ LA LE 1C IFREE RANGE =,
1 EX9*RANG RA*/5X 96 (T4elX)og3(FRa391X))
921 FORMAT(10Xe*NOCE X<-CRC Y=CRD*/710Xe3(I4¢1X)/10XetNEWFT®,
1 2X o *LPEN IC*/10XelboelXeIl0e1Xel4)
924 FORMAT( 8Xerx]JAK ITANG KANG NWEIG LFEN®,
1 TXeaNPEN®9 SXexXI*glOXoerYJyr/
1 SXolSel1XelSe1lXel5e1XelSelXeT1091Xel10e2(F1lebelX))
END

e
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SUBROUTINE LHSORT(KFIRSTeKLAST)

c
C ~»** THIS SUBROUTINE SORTS LOWCEN AND HICEN =+
C »+» IN ASCENDING ORCER BY ROMWS * %
¢

C
c
C »»x
c

10
c

15

CCMMON/LCENT/ LOWCEN(250¢3)erICENC2S092) o KCEToNLCWINFT,
1 SMAXeLWRIToLDEBG s JJMATeUSTRIPeLH

COMMON/POINT/ INITIALC3)sLASTU(3I)4IPCINT(250)

INTEGER HICEN

NLOW = NLOW+1

LOWCEN(NLOWs1) = INITIALC(])
LOWCEN(NLOWe2) ==INITIAL(2)*LAST(2)
LOWCENC(NLOW3) = INITIAL(S)

NLOW = NLOW+!

LOWCEN(NLOWs1) = LAST (1)
LOWCEN(NLOWoZ) =~LAST(2)
LOWCENC(NLCWeZ) = LASTI(3)

LOWCEN =

KK = NLCw=-1

DO 10 Ju=14KK

JJy = J+1

DO 1C I=JJeNLOW

IFCLOWCENC(Uel) oLEe LOWCEN(I®1)) GC TO 1C

1S1 = LCWCEN(Jel)
182 = LOKCEN(JUs2)
1S3 = LOWCEN(Lo3)

LOWCEN(Js1)
LOWCEN(JL2)
LOWCEN(J93)

LCWCEN(I 1)
LCWCEN(]Ie2)
LCWCEN(I43)

LOWCENC(Is1) ISl
LOWCEN(Is2) 182
LOWCEN(I+3) Is2
CONTINVE

1S2 = =INITIALC2)+LAST(2)

DO 15 I=1eALCW
IF(LOWCEN(I42) +GTes 0) GC TO 15

IFCLOWCEN(TI92) oENRes 1S2) KFIRST=1
IF(LOWCEN(I92) <EQe =LAST(2)) KLAST=I
CCNTINUE

WRITE(64507) INITIALC2)oLAST(2)41S2+LO0WCENC(KFIRSTo2),
1 LOWCEN(KLAST¢2) 9KFIRSToKLAST

907 FORMATC(/ 2Xe#INITIAL#92XoaLAST*e4Xov]S2+¢6X4*LOWCEN=12,

1 2Xe#LOWCEN=L*e2Xg*KFIRSTwg3XgoKLAST*/2X4T7(1E42X))

LOWCEN(KFIRST92) = INITIAL(2)
LOWCENC(KLAST92) = LAST(2)
WRITE(6+906)

WRITE(64900)

KL = ¢
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CO 20 I=1eNLCWelD

KK = I=1+10

IF(KK «GTe NLCW) KK=NLOW

KL = KL+1 '
WRITE(64S01) (LOWCEN(JU92)eJ=19KK)
WRITE(69902) (LOWCENCJ91) oJ=T4KK)
WRITE(6+S03) (LOWCEN(JU93) eJ=14¢KK)
IFCKL o«LEe 7) GO TO 20
WRITE(6+906)

WRITE(E4¢500)

KL = 0

CONTINUE

WRITE(6¢904) NLOW

HICEN =»

KK = NHI-1

DO 30 J=1loeKK

JJ = J+l

CO 30 I=JJeNFI
IF(HICEN(Jol) oLEe HICEN(Io1)) GC TG 20
1S1 = HICEN(Jsl)

Is2 HICEN(.92)

1S3 = HICEN(LCe3)
HICEN(Jo1) HICEN(Ie1)
HICEN(Je2) HICEN(142)
HICEN(J¢2) HICEN(Io3)
HICEN(Ie1) I1¢1
HICEN(I+2) 182
HICEN(Io3) 182
CONTINUE

WRITE(6490€)

WRITE(64505)

KL = 0

DO 40 I=1eNHIelO

KK = I=-1+10

IF(KK «eGTe NFI) KK=NHI

KL = KL+l

WRITE(64S01) (FICENCU92) oU=IeKK)
WRITE(64S502) (FICEN(U91)eJ=14KK)
WRITE(6¢903) (FICEN(J93)eJ=]I¢KK)
IF(KL oLEe 7) GO TO 40
WRITE(6+4906)

WRITE(6+¢905)

KL = 0

CONTINUE

WRITEC(6E+904) NKI

WRITE(64906)

FORMAT(///7/7/7/740Xe*TABLE LOw ELEVATION NODE POINTSe//)

FORMAT(18XeaX=COCRCINATE =41017)

F
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FORMAT(18Xe*Y-COCRDINATE *»41017)

FORMAT(18Xe*Z~-COORCINATE *41017/7)

FORMAT(//18X+«*xNUMBER OF NODES ®415%)

FORMAT(/////7/740XexTABLE HIGH ELEVATION NODE POINTS*//)
FORMAT t1Rh1)

RETURN

END

A e




179

SUBROUTINE NEIGHE(NODE)

#»*+ JROW IS ROW INCEX (Y-CCORD) EEING EVALUATED «»
»x+* JCOL IS COLUMN INDEX (X=-COORD) LR
»+% NODE LOCATION CLRRENTLY BEING PRCCESSECL e

OoOOO0O0O

COMMON/LCENT/ LCWCEN(250¢3)oHICENC25093) ¢KCET 4 NLOWONRT Y
1 SMAXeLWRITeLDEEBGeJUMAT ¢JSTRIPsLH
: COMMON/POINT/ INITIALU(3)4LAST(3)4IPOINT(250)
u COMMCN/SENVEF/ LALTeHALToSENALTeVEFALT9IFREEWGRID
) 1 SWEAJSWNReLTRS
COMMON/KINK/Z LINK(250)sLINKTC(150093)¢NELKSHICy
1 TRADUS+LNEER¢KNEBR
COMMON/EDGE/ DISTC(10042) 9 IROWeJCOLGLSTR
DIMENSICN MPOINT(125)
INTEGER HICEN
EQUIVALENCE C(IPCINTC(128)4MFCINT(1))

IRAD IRADUS

1C LA IROW~-IRAD
IFC(LA oLEe 0) LA=1
LE = IRQW+IRAC

1"nu

»x+ JBEG 1S THE INCEX VALUE WHERE LA = RCW NUMEBER * %
»#%x JENC IS THE INCEX VALUE WHERE LE+l = RCW & * %
*+x JTFOINT HAS INCEX VALUE OF LOWCEN FCk NEIGHBCRHCOL @
2% THIS RESTRICTS THE SEARCH TO ONLY ThCSE RCWS *e
»++ THAT ARE NEAR THE ®“NCDE" x

OO0 O

CC 100 I=14NLCwm
MROW = LCWCENC(Io1)
IF(NROMW oLTe LAY GO TC 100
IBEG = 1
GC T0 101
100 CCNTINUE
101 OC 102 I=IBEGeNLOW
NROW = LOWCENCIo1)
IF(NROW +LTe LB) GC TO 102
1IEND = 1
GC 7O 103
102 CONTINUE

##+ FIND THE NEIGHBCRHOOD OF LOW ELEVATICON POINTS #»

(oM g Nal

103 LNEBR = 0
00 104 I=IBEGeIEND
IFC(LOWCENCI91) oLTe=100000C) GC TC 104
LOIFF = JABS(LOWCEK(I41)=IROW)
IFCLDIFF «GTe. IRAD) GO TO 10¢
LCIFF = JABS(LOWCEN(Io2)~JCOL)
IF(LDIFF +GTe. IRAD) GO TO 1904
LNEBR = LNEBR+1
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IF(LNEBR +EQe 100) GO TO 400
IPOINT(LNEBR) = 1
104 CONTINUE
IF(LNEEBR +EGs 0) GO 70 300
12% IFLAG = 0
DO 200 I=1eNFI
AROW = RICEN(Io1)
IF(NRCW +LTe LA) 6C TO 200
IBEG = I
GO T0 201
200 CONTINUE
201 DO 202 I=IBEGeNHI
NROW = HICEN(Ie1)
IFCNROW «LTs LB) GC T0 202
IEND = 1
GC TC 202
202 CCNTINUE

*+*%x FIND THE NEIGHBCRHCOD CF HIGEF ELEVATION FOINTS =«

203 KNEBR = 0

£C 204 I=IBECG.IEND

IF(HICEN(T91) oLTe=1000C00) GO TC 2°(s

LOIFF = JTABS (HICENCIe1)=-IROCW)

IFC(LOIFF «6Te« IRAC) 60 TC 204

LOIFF = JABS (HICENCIe2)-JCOL)

IFCLDIFF «GTe IRAC) GO TO 204

KNEER = KNEERe1l

IFC(KNEBR «GTe 100) GG TO €00

MPOINT(KNEBR) = 1

CONTINUE

IFC(LWRIT oLEs 2) RETURN

WRITE(6+4S00) NOCEJCOLSIROW

CC 275 N1=1sLAEER

N2 = IPCINT(AL)

275 WRITE(E9S01) N1oN2oLOWCEN(N292)9oLOWCEN(NZ91)oLOWCENCNEZ3)
WRITE(64502)
CO 285 N1z14KNEER
N2 = MPOINT(AL)

28% WRITE(69901) N1oN2oHICEN(N242) ¢HICEN(NZ 91 )¢HICEN(N2,42)

n
[&]
&

900 FORMAT(/EXe* PRIMARY NOCE #9J4eISexeX~CCCRD #,
1 ISe*9Y~-COCRC*/10Xe2LOW POINTSY)

902 FORMAT(IO0Xe*AEIGHE = #¢J3¢% NODE *9lZgvery]S,
1 29X=COCRD #9JSe%9Y=-COORD*yIS¢#4Z2=-CCGORCH)

902 FORMAT(10Xe*FIGH POINTS*)
RETURN

»ws THIS ENSURES THAT AT LEAST ONE PCINT BLT NOT MORE #»
»v» THAN 106 POINTS ARE FOUNOC *

300 IRAD = 2+IRAC

PRI

SR LR Attt A 1 s i Lk
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IFCIRAD oGTe 99999%9) RETURN
6C T0 10
400 IRAD = IRAD/2
IFC(IRAD +EQ. ) GO TC 450
€0 TO 1¢
450 LNEBR = 100
GO 70 12°¢
500 IFCIFLAG «EGe 1) GO TO €00
IRAD = IRAD/:Z
IFLAG = 1
* GO TC 2¢G3
600 KNEBR = 100
RETURN
. END
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SUBROUTINE CIFFER(NODE)

THIS SUBROUTINE FINDS RANGE OF HEIGHT AND DISTANCE *=»

DISTC(141) = THE PLANAR DIST TO PCINT FCR LOWCEN LA
CIST(Ie2) = THE PLANAR DIST TO PCINT FOR FICEN "%
CMIN = MIN DIST EETWEEN NOCE ANC ACJACENT POINTS %
CvAX = MAX DIST BETWEEN NOGE AND ADUACENT POINTS *w
KZMIN = MIN ELEVATION BETWEEN NCDE AND ADy PTS LA
KZMAX = MAX ELEVATION BETWEEN NODE AND ACJ PTS * %

COMMON/LCENT/ LOWCEN(250¢3)eHICEN(25002) o KCEToNLOWONKFT
1 SMAY oLWRIToLDEEGsUMAT9JSTRIPsLH

COMMON/PCINT/ INITIAL(3)¢LAST(3)9IPOINT(250)
COMMCON/SENVEF/ LALToHALTeSENALTSVEFALToIFREEZGRID

1 SWEASWNRGLTRS

COMMON/KINK/ LINK(250)¢LINKTO(150043) ¢oNELKSICo

1 TRADLS+LNEBReKAEER

CCMMON/DET/ CETLOC250) ¢CETFI(250)¢FRCM(2ED)9TO(25002)
CCMMON/EOGE/ DIST(100¢2) 9 IRCWNoJCCLOLSTR

DIMENSION MPOINT(125)

INTEGER HICEN

EGUIVALENCE (IFCINT(126)+MFOINT(1))

OATA RTCCoLSTR/S7.255775512141/

INITIALIZE VARIABLES »»

D0 10 I=1,4100
CISTC(Iel) = Ce0

DIST(Ie«2) = 0.0
OFMIN = 1000000
DMAX =-1000000
KZMIN = 1000000
KZMAX =-1000000

FROCESS LCWCEN

OC 130 I=1+LNEER

J = IPOINT(I)

YJ = LOWCEN(Je1)-IROW
XI = LCWCEN(Je2)=-uCOL
KZI = LCOWCEN(L3)

IF(KZ] «GEes KZFIN) GC TO 15

KZMIN = KZI

IF(KZ] +LEe KZFAX) GC TO 20

KZMAX = K21

CONTINUVE

CIST(Iel) = SQRTUX]*r2eYJr22)
IF(DISTC(Iel) +GEe DMIN) GO TO 120
OMIN = DIST(Ie1)

IF(DIST(Iel) JLEe. CMAX) GO TO 130
OMAX = DIST(Ie1)

CCNTINUE

€ R

R g e B i




]
¥

C *ax»

35

45

14C

150

50

€0

C »aa

75

25¢
8%

PROCESS HICEN »»

CO 150 I=1¢KNEBR

J = MPOINT(ID

Yu = HICEN(JUs1)-IROW

X1 = HICEN(Je2)-JCOL

K2ZI = HICEN(Js2)

IF(KZI +GE. KZMIN) GO TO 35
KZMIN = KZI

GO TO 45

IF(KZI oLE. K2MAX) GO TO 45

KZMAX = K21 '
CCNTINUE

DIST(Ie2) = SQRT(XI*22¢4Yynx2)
IF(CIST(1e2) «GEe DMIN) GO TC 140
OMIN = CIST(Is2)

GC TO 1¢%0

IF(OIST(Ie2) oLEs DMAX) GO TO 1S5¢
CMAX = DIST(I+2)

CONTINUE

IFCLWRIT oLEe 2) GC TO 7%
WRITE(E9500) NCCEeuCOLeIROMWSLANESR
CO SC LA=14LNEBR,10

LE = LA-1+19

IFC(LE «GTe LAEBR) LE=LNEER
WRITE(E+4SC1) (CISTCIeldoeI=LAWLE)
WRITE(E9S00) NODE+JCOL9IRCULeKNESR
D0 60 LA=14KNEBR410

LE = LA-1+1C

IFC(LE ¢57e KNEBR) LE=KNEER
WRITE(64502) (DIST(Ie2)el=LAWLE)

SCRT IN INCREASIANG ORLCER »»

IF(ULNEEBR +EGe 1) GC TO =5

KK = LMEER-1

CO 250 J=14KK

JJd T ouel

00 250 I=JJeLAEER

IFCOIST(Jel) oLEe CIST(IW1)) GC TC 250
SA1 = DIST(JUel)

JSA = 1IPCINT(.)

CIST(Jel) = CIST(Is1)
IPOINTC(U) = IPOINT(])
DIST(Is1) = A1
IPOINT(I) = JSA
CONTINVE

IF(KNEBR «EGe 1) GC TO 2CO
KK = KNEER-1

CC 275 Juz14KK

w = Jel
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00 275 1=JJeKNEBR

IF(DIST(Js2) oLEe DIST(Ie2)) GO TO 275
SA1 = DIST(Je2)

JSA = MPOINT(J)

DIST(ue2) = DIST(Ie2)
MPOINT(J) = MPOINT(I)
DIST(Ie2) = SAl
MPOINT(I) = JSA

275 CONTINUE
IFC(LMRIT oLEs 2) GC TQ 300
WRITE(E64503) DMINGDMAX oKZMINOKZMAX
WRITE(69500) NODE+JCOLIROWSLNEEBR
DO 90 LA=1+LNEBR10O
LB = LA-1+10
IF(LB +G6GTe LANEER) LE=LNEER

S0 MRITE(64901) (DIST(IeldeI=LAWLR)
WRITEC(69900) NCOEeJCCLoIROWeKNEER
CC 95 LA=1+KNEBRy10
LE = LA=1+10
IFC(LE «GTe KNEBR) LB=KNEER

S5 WRITE(64502) (CIST(Ie2)eI=LAWLB)

R

T T

C »«x CALCULATE PENALTY VALUE FOR PCINTS =»

300 DRANG = DMAX-DMIN
IF(DRANG oGTe 040) CRANG=1.0/DKANG '
ZRANG = KZMAX=KZMINe]

IF(ZRANG oGTe 040) ZRANG=1.0/ZRANG
GC 320 I=1oLAEEBR

IFREE = IFREE+1

I = IPOINT(I)

LINKTOCIFREE91) = IJ

XYZ = LOWCEN(IJoe3)~KZMIN

XYZ = DETLCC(IJ)*XYZ*ZRANG

32C LINKTOCIFREE92) = 10040%(XYZ+1=(CIST(I91)=CMIN)*DRAANG)
CO 325 I=1+KNEBR
IFREE = JFREE+1
IJ = FPCINT(DD)

LINKTOCIFREES1) = ~1J
XYZ = HICEN(IJe3)=KZMIN
XYZ = DETHICIJ)*+XYZ*#ZRANG -

325 LINKTOCIFREE¢2) = 10040#(XYZ41=-(CIST(I142)~DMIN)I«CRANG) :
LINK(IC) = LSTR
LSTR = IFREE+1

SCO0 FCRMAT(/ SXe*FROM DIFFER® / SXe*\NODE #gl4915e2¢X=COCRLC », °
1 ISe*eY=COORC *oIlSe* LINKS®)
901 FORMAT( SXoeoCISTANCE LOW =910C1iXeF10,2)) ”
602 FCRMATC SXe*CISTANCE MHIGKr *910¢1XeFl062)/) b
9503 FCRMAT(11Xoe*CMIN®o98Xoe*DMAX KZFMIN KZIMAX®/ X
1 SXe2CF10e492X)0l092Xe]19)
RETURN
END




SUBRCUTINE RITE

C
C »++ THIS SUEROUTINE SAVES ARRAYS IN WORKING STORAGE sw
C
CCMMON/SENVEH/ LALToHALToSENALTOVEHALTIFREEWGRIC,
1 SWEA+SWNRGLTFS
CCMMON/KINK/ LINKCZSO)eLINKTO(150002)9eNELKSHICy
1 IRADUS<LNEBR¢KNEER
CCMMON/CET/ CETLOCZSO)oCETHIC(2S0) ¢ FRCMIZED)9T0(25002)
CCMMON/FCGE/ DIST(1C0Ce2) o IRCWoJCCLOLETR
INTEGER FROM,TC
BINARY UANFCRMATTED TAPE »»
WRITEC(9) NBLKSeIFREELIC
WRITE(9) (FROM(I)eI=141C)
WRITECS) ((TC(Ied)eJd=1e2)91=19I0)
WRITE(9) (LINK(I)el=141C)
WRITECS) ((LINKTC(IoJ)eU=193)91=191FREE)
IFREE = IC = LSTR = 1
NELKS = NEBLKSe)
RETURN
END
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SUBROUTINE WRLINK

i
: (o
C w*2 TEKEIS SUBR® WRITES THE LINKAGE THAT®S EEEN CEVELOPELC =w
(o
COMMON/LCENT/ LOWCEN(25093)oFICENC(25003) oKCEToNLOWONHI

( 1 SMAXLERITOLDEBGeJUMATJUSTRIPWLHK
; COMMON/POINT/ INITIALC3)oLAST(I)SIPOINT(250)

COMMON/SENVEF/ LALToFALToSENALTOVEFALTGIFREEWGRIDY

1 SWEAJSWNARILTRS

COMMCN/KINK/Z LINK(250)oLINKTO(150003) 9gNSLKSeIC,

1 TRADUS+LNEER¢KNEBR

COMMCN/DET/ DETLC(250)¢LETHIC2S0)oFRCOM(2E0) 9 TO(25042)

INTEGER HICENWFROMoTO

WRITE(E¢500)
G00 FCRMAT(1k]1 /10Xe*NODE LINKAGE CUTFUTw)

WRITE(6+S01) IFREEJNELKSoNLOWeIRADLS
S01 FCRMAT(10Xe*IFREE NELKS NLOW IRACUS»/

1 10Xe4(1Ee1X))

NM = IFREE+]

CC 15 NA=1 NVl

NE = NA=1¢10

15 WRITE(69SC2) C(LINKTOCI 1) o ISNAGNE) o (LINKTC(I22)9I=NAGNE)

1 CLINKTO(I93)9I=NAGNE)

G902 FORMATC(1GX o»LINKTOU(Tol) »410(2Xe1E)/

sy N R

ania s

1 10Xe*LINKTC(I92) *910(2Xel6)/
M 10XooLIANKTOCI93) #910(2X415)/)
WMRITE(E4SC3)

9C3 FORMAT(1+1)
WRITE(E64S04)

CO 16 JU=141Cel0

Jd = J=1+10

IF(JJ «GTe IC) Jeo=IC

10 WRITE(E¢S0S) (LINK(Idel=Ledd)

S04 FORMAT(/10Xe*LINKAGE PCINTERS*/)
SC5 FCRMAT(1GXe10(€(I6e2X))

KC = ¢

DC 20 NuJ=1,1IC

IF(KC oEGe 0) WRITE(CeS06)

{ KC = KCel}
[ AN = FROMINY) -
3 J = LINKINJY) 7
‘ JJU = LINK(NJ*1) =1

IF(JJ ol Te 0) CJU=IFREE

JJJdzs JJ=Jdel

WRITECE¢SCT7) ANoJJJ

IFI(NN oGTe 0) WRITEC(69908) LCWCEN(KMRoZ) -

1 LOWCEN(NNo1)oLOWCEN(NASZ)
IFCNN oLTe 0) WRITE(E€9908) MHICENC(=NAoZ),
1 HICEN(=NNol)oFICEN(=NAo2)

WRPITE(E+4909) (LINKTOC(Iol)elzJedd) :
WRITE(69910) (LINKTOCIe2)91=JeJJ)
WRITE(E¢911) CLINKTO(1¢3)0IzJedd)
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IF(KC «LEe T) GC TO 20
kKC =0
CONTINUE

FORMATC(LIF1/7/7777734X%X92NODE LINKAGE=®)

FORMAT(/ZO0XynNCDE NOoewgISe*r TOTAL LINKS wgl4)
FORMAT(20X9*X9Y9Z COORDINATE x9lGolig o¢lXolGoelHys o1Xeld)
FORMAT(ZOXe*LINKED TO »41017)

FORMAT(20Xe*EXPOSURE =41017)

FORMATC(20Xo*hEIGHTED %410C17)

RETURN

END




**x THIS ROUTINE IS USED TO WRITE VALUES OLT FOR PLOTTING =»=

COMMON/LCENT/ LOWCEN(250¢3)¢HICENC25093) oKCEToNLOWoNHI
1 SMANGLWRIToLODEBGeJMAT4USTRIPWLH
COMMON/SENVEF/ LALToHALT9SENALToVEHALTSIFREE9GRID

COMMCN/KINK/ LINK(250)9LINKTOC150093)9NBLKSeICs
1 TRADUSILNEBReKNEER :
COMMCN/CET/ CETLO(250)4DETHI(250) oFRCM(25C)9T0(25042)

188

SUBROUTIKE SAVE

R ) TR W ¢ T TRy

¢
c
' c
' 1 SWEAsSWNRsLTRS
| INTEGER FICENoFROMeTO
| c

] WRITE(7+900)
: WRITE(74501)
WRITE(74501)
WRITE(7+902)
WRITE(74502)
WRITE(74901)
WRITE(74901)
BRITE(7+501)
WRITE(74501)
900 FORMAT(4110)

RETURN
END

NLOWoANHIoICo IFREE
CCLOWCENCIoJU)sU=193)9I=1¢NLCN)
CCHICENC(IoU)euU=1e3)eI=14ANFI)
C(OETLCCI)oI=1oNLOW)

COETHICI) oI=1oNHI)
(FROM(I)eI=141IC)
(LTOUTIeJ)ed=1e2)91I=1,1IC)
(LINKCI)oI=10IC)
(CLINKTC I oJ)euUu=192)eI=1oIFFEE)

S01 FORMAT(10(I9¢1X))
902 FORMAT(10F1043)
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SUBRCLTINE RADIAL

THIS ROUTINE CALCULATES THE LINE OF SIGHT (LGS) * ¢

EETWEEN NODE FCINT AND SENSCRSe LOS IS THE . !
INTERVISIBILITY EETWEEN PTSe ONCE ANY TERRAIN * e
VASKING POINT IS FCUND PRCCESSING CF THAT NCLE- e
SENSOR COMBINATICN IS FIANISKED. Lew

COMMON/ICAT/ KMATGISTRIPGICATA(15415410)

CCMMON/LCENT/ LCWCEN(2S0e3)oFICEN(2SCe2) eKCEToNLOWoANrT
1 SVAX g LWRIToLDEEGeJUMAT ¢USTRIPWLF

COMMON/PCINT/ INITIAL(3)9LAST(3)oIPCINT(ZSC)
COMMCN/SENVEFR/ LALTerALT4SENALTGVEHALTIFREEWGRIC
1 SWEAGSWNRGLTRS

COMMCN/SRAC/ RANGEGWREGMOCIMoRATEGNSITEGISITEC10943)9eSYSR(1D)
COMMCN/CET/ CETLC(ZEQ) 9 DETHIC25C) oNTISLC(250)
1 DISHIC(2%0)¢XX(250)

DIMENSION JFINISHC25C)

INTEGER SENALToVEHALTOHICENQEASToWESToSOLTHGGRIC

LCGICAL ZCLRVEsZANCRTrHo2SCUTH

EGUIVALENCE (RMAXSLIS) o
CATA REGSRTWroRATE/R4S50200e090e707100E01407 '
CATA SENALTOVERALTWMJIVM/341Ce15/

7o e WAL % i

R . L

INITTALIZE e :
REWIANC + ?
ZCURVE= AL e3Tele0 :
ZGRIC = GRIC ;
RE = ARE/ZGRIC
C2 = Je&

AREA LIMITS »»
NCRTF = KMAT#WCIM é
SCUTr = 1 :

£C 2400 UK=14ISTRIP

JSTRIP = UK

EAST = USTRIFeMCIN

WEST = (LSTRIP=1)eM3Ive

CALL INDATA :

Lr =1 o
ILCOF = ALCw :
LO 2640C KLNZ142

LO 2000 xK=14NSITE

KSIT = ISITE(KKeZ)
YSIT = ISITE(KKs1)
ZSIT = ISITE(KK9Z)SSENALT

CO 2C0C LP=14JLOOP o
TEST IFINISH FOR CCMFLETICA oo ;
IEXP = (Lhk=1)el10¢KKe] }
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IFIN = ANDCIFINISHU(LP)eZ*»(1EXP))
IFCIFIN «NEo 0) GO TO 2000
IF{LH +EGe 2) GO TC 40O

L]
¢ ‘
KS1 = LOWCENCLP+2) ¢
IF  (((KS1eGTeFAST) oANDe (KSITeGTLEAST)) :
1 1 oORe((KS1eLTeWEST) «ANDe (KSIT.LT.WESY))) GO TG 2000 1
c :
f C ##*» DETERMINE WESTERN MOST PCINT OF FAIR #» i
| IF((KSIT-KS1) «GEe 0) GO TO 200 ;
1 c )
3 C ~»» SWAP SENSOR ANC NODE =*= :
; c :
{ XP = KS1 . '
i YP = LOWCEN(LPs1)
3 ZP = LOWCEN(LP#2)+VEHALT
KS1 = XSIT
XS1 = KSIT
YS1 = YSIT ;
281 = 2S1T ‘
6C TO szt ;
c 4
260 XS1 = KS1 i
YS1 = LOWCEN(LPe1) :
2S1 = LOWCENCLFo3)+VEHALT ;
XP = KSIT v
YE = YSIT f
2P = Z8IT7 )
GC TO sz& :
C H
400 KS1 = MICEN(LP42) :
IF (C(KS1sGTEAST) ¢ANDe (KSITGTLEAST)) :
1 oORe((XS1eLToMEST) oANCe (KSITGLTLWEST)I)) GO TO 2000 ;
C x
C »++ CETERMINE WESTERN MOST PCINT OF PAIR #» / :
IF((KSIT=KS1) «GEe 0) GO TC 410 ;
c
C »*+ SWAP SENSOR AND NODE #+
c
i XP = KS1 ‘ ‘
: YP = HICEN(LP+1) o
1 ZP = HICEN(LPo3)4VERALT .
; KS1 = KSIT
? XS1 = KSIT
! YS1 = YSIT
281 = 2SIT .
GO TO =25
c :
416 xS1 = KS1 E
YS1 = HICEN(LPs1) 3
2S1 = HICEN(LP93)eVEHALT
XP = KSIT
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CALCULATE TANGENT ANC DISTANCE EETWEEIN SENSOR/NODE
THE AZIMUTE ANGLE IS MEASURED FRCM NCRTH CLCCKWISE

xS§P
YSP

XF-x81

YP=-YS1

ZSP ZP=251

CIs SCRT(XSFr2z + YSP*%2)
IF(ZCURVE) DZ=0E+CIS«(DIS/RE)
TM = (2SP=02)/(CIS*ZGRID)
¥SIMN = XSP/DIS

YCOS = YSP/LIS

ZNORTH oFALSES

ZSOUTH oF ALSE .

O g IR W O TR TR

CETERMINE STARTIAG INCICES AND MAP SrHEET EOCUNDARIES

IF(KS] «LTe wEST) GC TO €620

KX = XS1-WEST

YWEST = Co?

GC TO S7¢C

AX = ¢

YWEST = YCCS*((WEST~XS1)/XSIN)

IF (ASS(XSIN)eLESSRTwE) GO TO 1150

S
i

EAST

Ix
X
ICX
Ix
X
IF (1
R
JY
NAR
JY
NAR

NX

IXeWEST

1

IX+ICX
XeRATE

«GTe ¥CIM) GC TO 2000
(¥=XS1)/XSIN
R*YC2S+YS1
(JY=1)/MC 1V
JY=NAR*VMC WM
NARe1

¢
{
&
3
H
y
!
€
4
¥
]
H
{
¢
]
¢
)
L

(T T L T T I LS T R} O T I L I § |

TANGENT FOR ALL COMPASS CIRECTICA *w
IF NAR CUTSICE MAP SFEET = LCS EXIST 2+

JFC(NAR oLTe SOUTHK) o+ORe (NAR «GTe \CRTH)) GO TO 18CC
Z = ICATA(JYsIXeNAR)

IFCZCURVE) DZ=0eS*R*(R/RE)

T =2 (2-2%1=-32)/(R*2G6RI10D)

IF(T oLE. T¥) GO TO 1090

GO TC 1900

IF(R oGEo RMAX) GC TO 1800

IF(ZNCRTH) GC TC 1120




C wan

1130

C »%n

1135

1140

1150

C =an

C swe

11e0

- 1800

IFCZSCUTHY GC TO 1135
GC TO0 1c20

NORTH *w R

Y = YeU'Y

JY = JY+«ybv

IF(JY oLEe MCIM) GO TO 1140
JY =1

NAR = NAR+1

GO TC 1140

SCUTH K

Y = Y+2Y

JY = JY+JLCY

IF(JY «GFs 1) GO TC 1140
JY = MLIMm

NAR = NAR=-1

R = (Y-YS1)/YCOS

IX = RaXSINexs1

IFCIX «GTe MLCIM) IXZIX=-WwESTe+1
IFCIX 6T MOINM) G2 7O 2C90
GC TO 1675

IFCYCCS «GTe 0oC) GO TO 1140

SCLTH L2 2

ZSOUTF = «TRLE.

JY = YS1eYWEST=-RATE
NAR = (JY=1)/MCTWv

JY = JY=NAR#¥CIWM
NAR = NAKe+1

Y = YS1+YWEST=RATE
DY =-RATE

Y =-1

GC TO0 1140

NORTH LA

INORTH = oTRLE

JY = YS1eYWEST

NAR = JY/MDIM

JY = JY+l-NARs+MCIW
NAR = NAKe}

Y S YS1+eYWEST*RATE
DY = RATE

Jey = 1

GO T0 1140

IF(LH oEGe 2) GO TC 1850
DETLOCLP)
CISLOCLP)

CETLO(LP)*1,0
CISLO(LP)+DIS

192
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